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SUMMARY

1. An extensive study of the reinforcing action of all types
of finely divided fillers in dimethyl siloxane rubbers has been
made.
2, The most reinforcement was ob*ained with s ilica or alumina
.  fillers of 0.01 to 0,02 micron diameter,
| 3. Maximum tensile str.ngth of the rubber was achieved through
- ) the use of Alon, a finely divided aluminum oxide, and GS199S,
hydrophobiec silica, both of which affect the chemical cross-
linking reaction in addition to producing reinforcement.

L. Cross-linking agents werc studied but nonc was found to be

i more effective than benzoyl peroxide.
z S« The cross-linking reaction was studied and it was found
¢ that:

I (a) The cross-linking is a camplicated reaction in
which only S5 to 25 percent of the cross-linking occurs

1: as a direct oxidation of mcthyl side chains on adjacent

atoms;

(b) Cross-linking and substitution on the methyl

groups appear to go on simultaneously;

(¢) Cross-linking efficiency is greatest with the

first 2 percent of peroxide . At higher concentrations,

cross=linking efficiency is reduced.
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(d) Compression set resistance is best with short,
low-temperature press curcs and long, high-temperature
oven curcs. There is no advantage in using press
conditions that will be more severe than 15 minutes
at 210°F.;

(e) Cross-links may be formed by the (presumcd)
action of atmospheric oxygen on the organic coating
on hydrophobic silica in the absence of added
peroxides. This action is difficult to control
above 300°F.;

(£f) ind further study of the vulcanization of silicone
rubber should be undertaken,

6. For maximum reinforcing aetion, fillers should be dry, and
their surfaces approximately neutral. Very acid or very alkaline
surfaces apparently have an adverse reaction on the rubber at the
filler-rubber interfacc.

7. One method of promoting improved reinforcement consists in
heating the filler-rubber mixture before adding the benzoyl peroxide.
8- A second method of improving reinforcement in certain c ases

is to depolymerize the rubber with acids, disperse the filler (with
the aid of solvents) in the liquefird rubber, remove the solvents

and regenerate the rubber by heating.



9. The depolymerisatien of silieene rubber heas Wwon shudiad:

——

One use of depolymerised silicone rifbber has beim worked out

- in the discovery that improved flax life results when glass
cloth is precoated with a stabilized depolymerised rubber before
being finally coated with silioone rubber compounds,

10, Depolymerizod silicone rubdber has been utiliged as a rew

material with w hich to react other organic molecules,

_ 11, More extensive depolymeriszation occurs if the reaction

is carried out in the presence of acetic enhydride and an

T aocid catalyst.

12, Aoid depolymcrigation affects cured gums and may have

gsome future value in a reclaiming process.

. 13, The use of depolymerized gum or the use of low molecular
weight silicone oils as coatings for silica aerogel fillers

r appears to offer promise as a way of softening the bond between
: silica and rubber. Further study is indicated by these results.
H l: 1. Lower molecular weight silicone rubbers result in softer
compounds whose tensile strength is not greatly affected when
Santocel C, silioca aerogel, is used with benzoyl peroxide as the
ouring agent. Higher molecular weight gums are difficult to load

with filler. With GS199S hydrophobic silica, the lowest molecular

woight gum samples result in low tensile strengths without much

ey

ohange in hardness. Tensile strength measurements above 1500 p.s.i,
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resulted when higher molecular weight gums, which would ordinarily

be considered too tough, were used.

15. GS199S hydrophobic silica compounds may be made with concentrations
as high as 50 volumes of filler to 100 volumes of gume. The best
tensile strengths are obtained with concentrations between 15 and 25.
Rate of cure and rate of aging are decreased at the lower concentrations
(15 volumes filler per 100 of gum). Repeated milling offsets to some
extent the excessive cross-linking which occurs at curing temperatures
above 300°F,

16+ The cohesive cnergy density of silicone rubber is 7,50+.05. This
was ascertained by a scries of swelling experiments in which corrections
were made for polymer extracted during the swelling. Approximate
values of M,, the molecular weight between cross-links, were found by
using a method of approximations to arrive at the polymer-solvent
interaction parameter, sae The course of future use of the swelling
technique as a tool in studying cross-linking and reinforcement has
been indicated.

17. Chlorinated silicone rubber was first produced under this contract
and has been studied further under another contract., The chlorinated
polymer gives promise of being a useful compromise for applications

of silicone rubber requiring fuel-resistance,

18. Silicone rubber adhesive tapes were first produced under this

contract and led to further study under another contract. Such tapes

xii
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are useful at sub-zero temperatures and at elevated temperatures
where other adhesive tapes fail,

19, Methods of improving the low physical properties of silicone
rubber have been developcd in this work. In certain cascs, some
compromise of high-temperature stability in order to achieve

the high pliysizal oreporties has been'neocssary.

xiii
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Shortly ofter “forld 'ar II, military exercises vere
conducted unde: conditions of extreme cold, It was found
as a result of these tests that nractically 21l articles
composed of rubber and rubberlike materials became hard,
brittle and nonc:tensible ot lou tewneratures, It was
found, for examnle, that rublber tires could be eosily
shattered b’ @ blow »ith a hammer, an¢ fanbelts, coated

febrics, goskets and seals vere so hord and stiff as to

be comnletzly unusable under tnese conditions. 4s a result,

the Office of the Quartermaster Gener:l undertook a
researcin arogram, the object of vhich wes to nrovide rub=-
ber and rubberlike materials vhich uould maintein their
functional wroperties over the tenperaturc range of -65°
to £ 140°F,

The silicone rubbers ere selected for intensive in-
vestigation beecause of the Toct that silicone rubbers
rctain their resilicney over the ride temperature range
of -100° to A400°F, This unique wroperty of the silicone
rubbers has not been dunlicatcd in any other elastomeric
matcrial, At the time that the jrogram vas started,
hovever, the best commercially available silicone rubbers

suffered from lou strength, poor abrasion-resistaice and

properties vhich vere inferior generally to those of other

clastom:ric matericls. Investigotion to improve the
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physical properties of silicone rubber was an obvious
'[' line of attack to nrovide a more generally useful low=
temper=ature and high-tempecrature rubber,

The original approach to the nroblem was to ascertain
whether or not it would be possible to reinforce silicone
rubbers in much the same manner as is vsed with carbon
black in the reinforcement of natural and synthetic rubbers,
It vas thought, for example, that if some means could be
found, either by compounding or by chemical modification,
to achleve imnrovement in silicone rubbers by reinforce-
ment, as is done vhen carbon black is added to other rub-
bers, silicone rubbers could be used for many nore nili-
tary applications, It vas thought desirable, too, that
this reinforcement should be obtained without sacrifice
. of the high- and low-temperature propecirtics inherent in
silicone rubber,

Two successive contracts were entered into by the

Office of The Quartermaster Genecral to achieve these ends,

e

i They vere "Development of Silicone Rubbers for Use at
Temperatures down to -1009F.", U.S, fiovernment Contract
Wit=109=-qm=2161 (Final Report submitted March 1, 1950);

] and DAW4-109-qm-64, of the same title, of which this is

the final report, (submitted September 1, 1953).

The specific assignments made under Contract Wit-109-qm-
2161 and under Contraci DMik=ji0G-cu~-6+ and in the subsequent

fomemd  bumemd  besmmd
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amendments are given at the close of this Introduction,
Since the objectives of the two contracts were broadly
the same, the present report can be considered a summary
of both, For the convenience of the reader who may wish
to refer to ecarlier progress reports for details, the
follouing table of references is glvens

Report Referred to
Contract No, Dote Submitted — Herein as _

Wilte109=qm-2151  7/15/49
" 3/1/50
DAY =109=gm=EY £/1/50
I 8755750
" 12731750
L L./1.C/51
2 3/28/51
. 9/28/51
" 1/16/52
y 5/8/52 10
o 6/5/%2
" 11718/52 1>
" 3/13/53 1&
" 9/1/53 ik This Report

DO QO WA Lo no =

At the beginning of the studies under Contract Vil-
109-qm=2161 ard also under Contract DAW+=109-qm~64+ in late
1948 and 1949 respectively, it vas logically decided that
the greatly needed reinforcement of silicone rubber should
be smght by finding thwe effects of

l, Particle size
2, Particle shape
3. Particle surface

a. Extent of surface
b. Nature of surface
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%4, Nature of the rubber-pigment bond

These variables have been kept in miné throughout
the work, even though this original scone vwas greatly
broadened as promising leads developed, After the first
year of work, during vhich a systematic investigation of
the zbove factors was carried out, it appeared advisable
to supplement this mode of attack with an Zdisonian
approach in which any and all feasible reinforcing egents
for silicone rubber wvere given at least cursory testing,.
This approach, being moderately ' successful, has been
folloued throughout the course of the work, and has perhans
met vitn greater success than the systematic unraveling
of the mysteries of reinforcement, These cannot yet be
clearly defined or explained, There is today (1953) a
nuch greater possibllity of their being solved than there
vas in 1948 or 1949 bhecause of the sreatar knovledge of
the polymcr itself, of the degree of reinforcement nossible
with varlous pnigments, of the imnroved methodls for study=-
ing reinforcement such as by swelling studies, and also
because more uniform, clean polymer is readily available
in a variety of molecular;weight ranges,

Since silicone rubber contains no complicating dqouble
beinids and practically no impurities and since it can be
vulcanized with a small amount of a single agent, it is

the 1deal system for studying both reinforcement and vul=-
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So

lzations 1In this work, vulcanization with benzoyl poroxide
has been investigated by swolling studies in the absence

of complications by relnforcing agunts. It has only
recontly occurrcd to us thut it should be possible to study
reinforcement without the complications of wvulcanization

by e xemining ths propertiss of siliconc rubbor compounded
wlith DuPont Hydrcphobic Silica, by using only sufficient
heat and pressurc to form test piccese Thls silica possesses
the vroperty of vulcunizin,g 25 well as relnforcing silicone
rubber, but thic vulennizing proporty can bo minimized by
prossing at tempe ratures bclow 300°1.

When the work was startcd, the only raw polymer avail-
able on the market wis Guneral Blcecetricet's 9979G (lator
called SE=79)e About scventy-five diffceront pisments wore
tried 25 reinforeing agents in this rubbdere Zarly in
1951, General blectric made available their 81176 or
SE=76 rubbere. The onse of compounding and suporior test
values obtained with this pum made 1t advisable to chunge
at once to this product for reinforcement studiese In
general, pigments which rcinforced SE-79 also reinforced
SE-76, so little duplication was necussarye All newor
pigments have buen tusted in tho newer rubbere SE-T76
is more comparable to most othor clastomers in that it
is soluble in solvents and is not cross-linked approcinbl ye

In this respect, it differs from SE-79 which ¢ annot be
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dissolved vnless depolymerized with acids, The greater
degree of similarity of 37-=76 to other tynzs of rubber,
and the better rcsults obteoined vith it, »robably make

the most recent nortion of the contrzctual vork of greater
value than that carried out on the cross-linked 532-79

vhich appears to he sunerseded by the non-cross-linked

tynes,




1,

3

Taken

dated

e

ASSIGIILNTS

Conduct a series of fundamental studies on the re-
inforcement of rubber by the treatment of currently
available rubber carbon blocks and other reinforcing
nigments o make them compatible vwith silicone-type
polyners,

The selecticn and develonnent of a catelytic con-
densing composltion thet w/ill vork on the pigment-
reinfore.d system referred to in (1) above,
Modlification of the fundamental choracteristics of
the present polymer so as to produce greater chain
length and the medified cross-linkages necessary

for greater strength,

from Modification "C" of Contrzct IAlb=109-qm-6l,
Cctober M+, 1950

Pursue new developments on the liquefaction of sili-
cone rubbers by the use of anhydrous acids and their
rcpolymerization after adding fillers,

Obtain improved polymers of silicone, particularly
by the utilization of the hydrolysis of the alkyl-
chlorosilanes with a combination of wvater and al-
cohols of variow types,

Study nev methods of cross-linking to nroduce

better silicone polyners,




7.

Taken
dated
B

9.

10,

11,

8.

Continue the study, development and test of methods
to improve the reinforcement of silicone rubber and
the polymer itself to obtain desired low-temperature
characteristics,

from Modification "Z" of Contract DAM4-109=-qm-6lk,
Sentember 21, 1991

Study extensively methods of silicone vulcanization,
including types of vulcanizing agents, Vulcanizing
asents other than PbO, should be investigated,
Investigote, in detail, surfacc effects of pigments,
with particular emphasis on »H relation to nhysical
nropcrties,

Introducc reactive groups at high temperatures in
air and in the presence of chemical oxidizers such
as chronates, permanganates, etc,

Follouv any practical and special applications which
siiow rromisc, grouing out of the contract, at least

to the noint of proving uwhether thev are of value

or not,
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CONTRCT Wi4-107-gm=2161

ieinforcement of Si=7

- - - - o -l

O

The program vhich s fellovaed under the above con=
tract has bcena glven on page 3 of the Introduction of
this report, /s pointed out there, approximately seventy=
five difrerent nigments veve tried s reinforecing agents
for the only silicone rubler commercinlly availaible at
that time, kaoun &s General flectric Silicone Ruober
9979G, This is nov colldd SL-79,

tlhen 83=-72 is rcceived, it 1s a crumbly, facticelike
material, It is cvidently partially cross-linked, which
accounts for its erurhly nuture, 52-79 is a polymer of
dimethyldichlorosilane which is first hydrolyzod to produce
the silanol vhich inrmediately condenses to form lincar
or c¢yclic liquid polymers, Under the influencc of catalysts,
these liquid nolymers arcec then condenscd further to form
the ruoter, frcces of the monomathyltrichlorosilane, if
present, tead to recsult in threec-dimensional or cross-
linked polymecrs, amd traces of trimcthylmonochlornsilane,
if nresent, function as chaln stoppers, 7Dy varying the
anounts of these nono- and tri-functicnal ingredients,
the characterlstics of the dimethyl silicone rubber may
YL varicd, In the case of J3-79, 1t 1s understood that
the catalyst used is hydrated ferric¢ cnloride, and the

polymer ccnteins troces of irom,

e Rl S o ]
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‘lhen placed on the mill, SE-79 smooths out in

T
| |

approximately the samc mananer as factice. If benzoyl
peroxide is added and the compound cured, it assumes the
form of the mold, but it is found that physiccl tests
are very lou--anproximately 10 p.s.i. tensile strergth
and 100 percent elongation, Silicone rubber is an extreme
examnle of o synthctic rubber which rcecquires rcinforcenent,
The basic recipe established at this timne consisted
of 100 parts of Ccncral Elcctiric Silicone Gum SE-79 and
two parts of Luperco '3 (957 bvenzoyl neroxide coated with
stearic acid)., It had also been decided that 25 parts of
filler by volume was o cdesirabhle stancard loading to be
tried first uith all fillers. In some of the earliest
vork, one part of lead oxide :as included as a curing aild,
This was soon discontinuved on the advice of General
Electric chenists, siace it apparently served no useful
purpose.,
The mizing oDrocedwre ras as follouss

Twenty-five grams of rubber was placcd on cold,

tightly set rolls of a 6" x 12" Thropp labecratory mill,
The front roll rototed at the ratc of 16 r,p.m., and the
back roll at 23 r.p.m, (With the start of compounding

of SE=75 in 1951, roll speceds were incrcased to 36 and W4
r.pef.) AS soon as the rubber had smoothed out on the

rolls, the filler -:as added gradually until it was all

S R L ST g mwm
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incorporated and then the henzoyl peroxide uas added.
This tight milling or refining was then continued uvntil
a small ball of stock could be formed in the fingers
without showiag laminations.

Compounris vere next cured in a press at 220°F, for
15 ninutes, the mold being cold uhen placed in the press
and cooled to room temperature before removal, An oven
curing cycle starting at room temperature and reacning
4109, at the end of 42 hours uas adopted, A gracually
rising temperature tcnds to eliminate biowing or blister-
ing vhich may occur if the tennerature 1s raiscd too
rapidly, csnccially in the prcsence of lovemolccular-ucight
rubber or silicone oils or in the preccnce of high percen-
toges of benzoyl neroxide, It is common practice in the
industry to raise oven curing tameratuwres slowly if the
part heing cured has a thicliaess of morc than approximately
1/8 inch,

A rvecipe coasisting of 100 narts ol 35«79 gumy 79
parts of titanium dioxide and 100 parts of Celitc 509 plus
2 percent henzoyl »neroxide gave the following tests on

three successive batches,

Iensile Elongation Hardness
486 100 70
L75 100 67
450 87.5 68
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In the final rcport on the first contract, data were
reported on some thirty fillers which had been tried in
N=79 rubber, T:ble I gives the name of the pigment, its
manufacturer and physical data supplied by the manufacturer
of the pigment, A wide variety of pigments vas included,

Table IT shows the results obtained uith thesc pigments
at a volure loading of 29 voluncs of pigrent ner hundred
of rubbcr, Onc of the smallest particle size fillers
tried at this time as Alon, and it vas fourd that tensile
strengths os high a5 400 p.s.i. amd an clongation of 212
percent could Lc obtained uith this matcrial, *£lon, about
which more will be said later in the report, vas definitely
an cxperimental product of the G, L. Cohot Company and
was at that time, and still is, very expensive, . more
comron and economical meterial, Celitc 505, alsc appcared
of intirest, It is & much coarser product than Alon and
is a ground, calcincd, diatomaceous carth, It is widely
used in silicone rubber compounding, probably beeauvsc it
can be uvscd in largc quantitics iuithout creating excessive
hardness, DPart of its value undoubtedly lies in the fact
that it 1s porous and forms a good mecchanical bond +ith
the rubber,

It is of interecst to note that a very fine carbon
black; Micronex W6, gave results wiich vere definitely

inferior to those obtained with Alon,




(J&.— - SIS ISURSSIY -
TABLE IIT
STUDITS, OF PIGMINTS, AS-NNCRIVID, AT VARLABLY LOADIIG
Volumes WYeight
Pigment Pigment
Compound Per 100 Per 100 Hard- Ten- Z=longa=-
Pigment .Number. Vol. Gum !t, Gum ness sile tion _.
' Celite 1165 10 23 25 63 150
505 1166 20 47 95 81 1374
1072 25 57 5 289 162%
25 57 50 293 125
25 57 L7 267 137
29 57 L6 250 137-
25 57 40 158 125
1167 Eg 69 5 169 150
1168 93 +5 205 112%
1196 43 100 57 Lo5 100
1070 6% 150 78 509 75
1169 65 150 69 550 75
Alon 20k 2.6 10,k 21 25 200
1205 L.,0 15,6 25 26 179
1206 953 21,0 28 L8 175
1160 10,0 39,2 30 112 200
! 1161 20.0 78.5 2 208 162+
, 1121 25,0 97.5 50 308 300
1195 25,0 97.5 ol 397 212
1162 25,0 7.5 60 245 1374
1195 2¢.5 100 No Curec -~ -
1162 PO'O 117 87 332 50
1163 v0,0 157 I'o Cure - -
Dicalite 1060 2% 61 40 13 150
PS 1057 41 100 59 L2 100
1171 61 150 59 291 723
Hi-Sil 1172 10 21 1 2l 58 275
1173 20 2t ik 165 150
1073 2% 5309 62 2 125
25 53.5 62 193 1124
25 53.5 5t 102 100
, 7% 30 hes A1 s 75
{ 1175 85,6 Ho Cure - -
Silica 1071 25 67 37 105 1624
1240 29 67 37 93 150
25 67 32 69 175
1170 56 150 50 216 100
AZ0-722-55 1061 16k 100 32 1l 225
1101 25 152 38 171 1873
25 152 39 3 125
Protox 1062 16,7 100 20 184 5124
=166 1102 25 151 37 126 212
25 151 32 95 287%
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Some of the fillers which gave the highest results
in Table II were compounded further at scveral volunme
loadings (Toble I1I). 1In this vay, it vas found that
Celite, for example, could be used to obtain 550 p.s.i,
tensile strength at a volume loading of 65, =Execept for
Alon, as meationed above, none of the other fillers ap-

pearcd to be as useful as Celitc 509,

Modification of sSurface of Fillers
Investigetion of the nature of the particlie surface
was the next part of the program that -.as studied., 1t
vas sugnnsted by Mie Feter King of the Maval Research
Laboratories that ve do 2 thorough job of hcat-cleconing
the surlface of somec of thc pigments in order to reiiove
volatile or adsorbed gascs from the surface of the filler,
In order to do this, arrangements woerc made to heat and
apply vacuum to the fill-.rs, 7The various tr-catments used
are listed below,
1. leating to 400°C, in air
2. Heating to 1000°C, at.0001 mm, »ressure
3., Heating to NOOOC., allowving to cool in air;
then cdmitting dimcthyldichlorosilane vapor;
folloizd by odnltting vater vapor to Torm a
silicone coating
4, Hcating to 1000°C, and coating, as above
5. Heating to 4%00°C,., followcd by coating vith a

silicone oil




Uy

6, Heuting to H00°C, and coating with another
silicone oil
7« Lpplying btenzoyl peroxide, dissolvead in benzenc,
to filler

With trcatments (1) and (2), it vas hoped to remove
tightly held water or other foreign substances from the
pigment surface. Treatments (3) and (4) were designed
to deposit a siloxane coating on the filler, This uas
done by causing the hydrolysis of dimcthrldichlorocilane
to occur on thc surface of the filler. Trcatments (5)
and (5) wecre carricd out to coat the outesasscd fillers
with two diffcrent siliconc oils. Vork reported later
in this rcport shows that the addition of silicone oils
to the surface of porous fillcrs does hoave an cffect on
the physical tests obtained, Such uvas not the case in
this carly work, Trzatment (7) was dcsigned to promote
a tighter (cured) bond ot the »nigment-rubber interface,
Significant improvement in tensile strength rcsulting
from out-gessing or from out-gassing plus addition of
coatings did not result from this wvork, The fillers that
vere treated verc Micronex W6, 3ilica 1240, Celite 505

and Hi=$1l, Thesc data are not rcproduced here but may

be found in the Final Frogress Rcport on Contract Wil=109-

qm=2161, datcd March 1, 1950,
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CONTRACT DAbL4=109-am=-64

Reinforcemcnt of SE=79

The testing of 2 wide vericty of fillers cormonly
uscd in thc rubbcer industry vas continued urnder the new
contruct, and by the end of 1950 sone fifty-fivc notential
reinforeing agents had bteen tricd, Toble 1V, taken from
o papcr cntitled, "Rednforcement of 3iliconc DNubtber', by
Glimc, Duke and Docde, sunmarizes all of this vcrk,

Some 10l was done at this time in vhich mixtures of
fillers =1crc tricd intnc hone ti :t onc fillcr vhich pro-
vided high tensilc might be corbined with one vhich impar-
tcd high clongation, to give 2o high clong:tion-high tcnsile
result, This was not found to ¢ the casc,

Through thi coopcratlon of Yale Unlversity Mcdical
School, an RCA lodcl, ZLU clcetron aileroscope was made
availeble, and cloctron mierogranhs wcre toaken of tuenty-
four of thc filles uscd in t'c »rogram. “hesc nhotomicro-
granhs ~nre rcproduccd on the follouing poges.

Beforc conclﬁding this portion of the work, the mcthod
of mixing 'n5 revicucd., It uas observsd that the morc
strongly rtihforcing pignents, such as Alon, tend to
dry up thc bateh on'the mill, If such dry batches'are

given only a limitcd milling, thcy will tend to be "short",

and lou clongation, tcnsile and hardness rcsults uill be
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CELITE 505 CELITE 505
9,700X 8,300X

14

M
CELITE 508 DICALITE WHITE
19,400X 8,300X

Tt

DICALITE PS DICALITE PS
7,.300X 7,300X

ELECTRON MICROGRAPHS OF VARIOUS PIGMENTS
PLATE 1
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SILICA 1240 MICRONEX W-6
13,500X 15,100X

HI-SIL ALON
26,800X 22,800X

TITANIUM DIOXIDE RAYOX 110
21,300X 10,000X

ELECTRON MICROGRAPHS OF VARIOUS PIGMENTS
PLATE 2



AZO-222Z-55 AZO-22ZZ-55
10,000X 21.300X

X

-

AZO-Z22Z-55

SUPER MULTIFLEX
28.100X

28.100X

Ly
o ol

AZO-ZZZ-66 AZO-22Z-66
7.600X 10.000X

ELECTRON MICROGRAPHS OF VARIOUS PIGMENTS
PLATE 3
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FUME SILICA
34.800X

FUME SILICA
34,800X

MAPICO TAN 20 MAPICO TAN 20
21,300X 28,100X

adi,

RANEY NICKEL
13,500X

RUFERT NICKEL
8,300X

ELECTRON MICROGRAPHS OF VARIOUS PIGMENTS
PLATE 4
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obtaincd, Hcnec, it is ncecssary to mill siliconc com=-
pounds until thc cvrc definitcly plastie, ''hen this
is doncy the meximum nhysiccl propertics arc obtaincd,
As far as could bc obscrved, »rolongced :illing has no
desrimentel effccet,

Undcr ostimum conditions of 1:illing, "lon and Celilte
505 could "¢ made to give tensile strongths of H00 p.s.i,

with clonz~tions of 100 to 200 norcent ot 25-volune

loadinss, Hewier locdings nushed “eonsiles to 500 and
600 pD.seliey but 2s Sar os J2-79 polymcr was concericd,
this ann-cwred to U the linit that could 2 obt-incd by
convaentionol wining vroccduves with the fille s and
curativis tiet cre available,
aleetrostatic Contact Potentinl Theory of Rcinforccuent
Thzre 1s o theoory of 2o’ nforccunt «nllced the Hlee-
trostatic Contuct Poviuticl Theory of Tcinforcement,
Considcrnble viork has btoen donce on this thacory b Dr,

R, 8, Hovenhill of thce 3t, Jos vh Lead Comaany, To test

the theory in siliconc rubbery, ninc sorplcs containing

various ‘igneats we ¢ comnounica and sviktittcd to Dr,
H~vcuhlill for mocsurcarent cf tlic eantzet notential,

The data obhtoincd shovred that ti.irs uwng somc deprce of
corrclotior hetucen tensile strencth cnd contact notene
tial, Bceause it is fclt thet this vork night profitably

e continucd, thc ecntirc sretion from Nlenot No. 6 on this

b ind Lo S T
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subject 1is rewroduced below, At this time, there uas a
change from S3-79 polymer to SEB=-76 polymecr, and, as vill
appcar in thc following pagcs, improved physical tests

vere fortihcoming immedintely., Continuation of the work
vith Dr. Havenhill ues thercfore postponed, ~s prefercnee
was given to other wspecis of tne program, It is quite
possilble that furthcr work -rith the contact potential
theory, as ~oplied to thc recinforcemcnt of siliconc rubber,
might provice an e¢xplanztion of souc of tiic improved re-

inforcament thit nas becen ol tained,

A, Contact Potcntial Theory

- -

"It has long been known that rubber is cloctroncgative
relative to most substanccs, including t:c pigments com-
nonly uscd as reinforcing fillcrs, This suggests that
there may be an elcctrostatic forece of atiraction betwccn

the gum and pigment particles in a rubbcr compourd which

is important in the reinforcing action of the pigment,
Dr, llavenhill and his associatcs at the 3t, Joscph Lead

Company have made a detailed study of tlic clectrostatic

e, UL AP

nroncertics of hydrocarbon rubbers and have found pro-
vocativec results to support an "Electrostatic Contact

Potential Theory of Reinforcement," 2,3,4

e P e A ——— - o - g e e . o ——— e o R

2, Havennill, 2,54 O'Bricn, #.C., and Nonkin, J.J.,
Journal of Anplied Physics, 15, 731, (194}),

3. Havenhill, R,%., O'Drien, {,Csy and lanking J.J.,
Journal of Appiied Physics, "i, 338 (l9h63.

%4, Hevenhill, 1,J., Carlson, L.J., and Rankin, J,J.,
Rubber Chemistry & Technology, 22, 477 (14493,
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"If any two dissimilar substances are pressed together
and then released, in general a positive (/) charge will
appear on one and a negative (-) charge on the other. For
example, rubber is electronegative relative to carbon black
and will acquire a negative charge when separated from carbon.
Havenhill, thereforeo, rcasons that the positive carbon black
should be attoched to the negative rubber in a rubber compound.
The positive carbon black will "neutralize" the negative
rubber to produce a less negative (more positive) rubber
compound, and thus the compounded rubbar will become less
negative as thos reinforcoment improves. Presumably, the
most positive pigments should provide the best reinforcement.
Unfortunately, Dr. HavenhIll has been unable to develop a
reproducible and reliablc method of measuring ths pasition
of pigments in the electrostatic svries, but hu has developed
a good mathod of determining the "electronegativity" of
cured rubber compounds by measuring what he calls the
"contact potential" of the rubber. (This term is not to be
confused with "contact potential" as used in the physics
of metals.)

B. Contact Potential Apparatus

"This apparatus consists of a mirror-surfaced steel
plunger which can be put into contact with a cured rubber
sheet and then separated from it in a reproducibie waye

The plunger, on separation, is positively charged and the

rubbor negatively charged. a special electron device

e
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mcasurcg thce charge on the stecl plate in terms of a
voltnge rcad on an output meter, This voltage is termed
the "contact potential" of the rubber, since it is pro-
portional to the differcncc in potential betucen the
plungz> and the »utbuir on brecak of contact, A large con=-
tact potential rcepresants o very ncgative rubber, and,
according te liavenhill's theory, a poorly rcinforced one,
A small contact potentinl, converscly, rcprcscnts a less
ncgativ: compound, amd, prcsumably, a bhettcr rcinforced
rubbar,

C. Rcsults cn Hydrocoarbon Rubber

"Tensile strength is rclated to contact potcatial in
notwal rubver and GR—82’3. Thcese results suggested that
furthcr study of Dr, H-venhillis 1idcos might be fruitful
and thot thelr application to silicone rubber vcinforce-
ment rmight indced be worth investigation,

D. Rcsults on Gilicone Rubher

#pr, Hovenhill offercd to cooperatc with The Connec =
ticut liard Rubber Company in & contact potential study
of siliconc rubbcr compournkis, Curcd shcets of silicone

rubbcr conteining a variety of compounds wcre preapared

at Thc Connccticut Hard Rubher Company and scnt to the
St., Joscph Lcad Company for clcctrostotic investigation,.
The rcsults of thesc measwrements arc tabulated in Table V.

"The plimeen annarntne contact potential e given

R
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for cach shcct as wcll as the "order by shcet scparation,"
The latter quantity wves determined by meosuring the sign
of thc charge on cach of two rubber shcets, after first
contacting and then separating the sheets, A scrics of
such mcasurcments allows the shcets to be arrangcd in an
clcectrostatic serics with the nore ncgative (-) oncs
hoaving the highcr numbors,
B, Discussion of Rcsults

"It is =vident from the deta that therce is a general
correlation bctuscn contoct notentinl and tensile strength,
similar to thot Zound for hydrocarbon rubvers, The
diffcrcence in tensile strength rcecsults obtaincd by the
St., Joseph Lead Conmpany and The Connccticut Har< Rubber
Company, as ucll as discrcpancics betveen coatact potene
tial and tensile 1csults, crc quitc possibly duve in part
to poor disnersion oand locek of vniformity of somples,
Tests arc noy in prorress on the inproved stocks obtaincd
by disncising the pigment in the depolymerized gum.

"These results suggest the use of highly »ositive

pigments os the t:ost rcinforcing fillers."

Wetting Agente

Where earbon black is o uscful reinforcing agent
for carbon=-choin clastomcrs, thce use of stcaric acid is
virtually esscntial to bring it to full cffecctivencss,
A popular thcory of thc wmcchanism involved is that the
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carboxyl groups of the fatty acid arc strongly adsorbed
by the carbon black whilec the long carbon chalas of the
acid arc firmly imbcddcd in the hydrocarbon polymer,

Dr, C, A, '21lker had suggcsted carly in the vork the
possible value of malidng a stcaric s~eid analoguc for sil-
iconc., An intermcdiatc molccular ucight silicone cnd=-

ing in a carboxyl group night well be cxnected to improve
the c¢ffcetiveness of carbon black as a strcngthening agent
in silicone stocks,

For silica fillcrs, thc normally present nydroxyl
cnd groups ~ra probably a fortunatc circumstance, providing
the bcst possible "iink of attochment®,

The vwide varintion in case of incorporation of various
fillers indicated corrcsnonding varictions in wettability,
The rclotive casc of incorpor.:ting large amounts of GSiliea
1240 and many of the diatomaccous carths to give fluid,
well milxcd batches haos always suggestcd the possibility
of natural -'ctiing cgents being prescat,

All of thec work on hcat-clcaning and suvrfacc modifi=-
cation would be cxpceved to uncover lonas in tiais dircetion
but it did not. Thc cnsuing work to preparc nnd try a
stcaric acid analoguc and scvcrol "stabs in the dark" for
vwetting cpgents did not uncover any obvious and nrofound
wvetting ~ff.cl but thc rccults in somc cases have never-

theless been uscful,

L v - WAL B iy, e i
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The same four pigments which werc uscd in thc oute-
gassing cxpcriments (page 13) were again uscd as fillers,
together uith two per ccnt by weight (bascd on thec rubber)
of the following wvetting agents: caprylic acid, dccanol-l,
dodccyl cther, dodccylthiocstcr; dceyl nereantan and Na-
dodceyl sulfonate, No improvcements in physical tests were
obscrved, The only cffcet was a slight plasticizing action
in some cascs,

A first attempt ot a stcaric acid analogue vas p=
trimcthylsilylbenzolce acid which vas synthcsized in the
laboratory and tricd in concentrations up to thrce pcrecent
(bascd on the rubher) in a Celite 965 amd in o Cclite 5095«
titanium dio:xide rceipc, Although the Dpigments vere in-
corporatcd somcvhat morc casily, therc -.as scarccly any
cffcet on the physlcal tests,

Anothcr; morc cmpirical. attaipt to produce a stceric
acid analoguc involvcd hydrolvzing dimcthyldichlorosllanec
in the prcsence of glycolic acid, with thc hopc that the
glycolic acid vould condensc into the silicone chain, thus
producing such a chain witn a -OCH,CCOH cnd group. A
description of thec rcactions carriecd out is given in dc-
tail in Neport o, 6,4 A typilcal onc consistcd in rcacting
dimcthyldichlorosilane (onc mole) with uater and glveolic
acid (0.1 mole)., The rcsulting oil was condcnszd to form
a gum by hcating uith potassium hydroxidec, All of the
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various oils and gums that vcre produced were then tested
in the SE=~79 test rceipe containing Celitc 505, 29 volumes,
' and bcnzoyl neroxidc, two percent, The products formed
vwcre, for thc most part, tcstcd in one or two pcrcent
| quantitics based on thc¢ gum, In tuo cascs, as much as 25
parts of thc uctting agent uerc uscd, Thc data obtaincd
arc shoun in Table VI facing this page. This table is

I rcproduccd nrincinally to demoinstrate hou gums or siloxanc
oils mey bc formcd from dimcthvldichlorosilane in the

l prcscnec of otincr substanccs, It 13 apparcnt nou that the
materials should hove been tested in larger proportions,
possibly vithout LT-~79. In this vay, ncw typcs of rubber

i would hove been tested, As uetting agents, none of the

products tcsted appecared to have valuc,

-—— - -

Parallcl to the study of rcinforeing ogents, a study
was mode of wvulcanizing agents for 3E-79 rubbcr, Bcnzoyl

peroxide '~as at that tine the only r.commended curing agent,

It 'as found that there -'as no benefit to be cderived from
incrcasing the concentration of henzoyl peiroxide above
tvo percent, bascd on the rubbcr, This result, vhich

was found by dircct physical testing, wns latcr coafirmed
in somec suclling studics whcec the molccular weight

betwecn cross-links vas mecasurcd dircetly.,

Other curing agents verc tricd, including tertiary
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butyl pcrbecnzoate, diterticry butyl weroxide, ulfcrt nickel,
Qancy nickel (nickcl on kicsclguhr--~hydroscnation cntalyst
uscd commerecially, mede by the Nufcrt Chemical Co.), and
p=-trimethylsilylbonzoic acid. Thec nickcl hydrogcnation
catalysts ve e tricd beeavse at ligher temderaturcs they
arc also d-hydrogenating catalysts, IL they bchaved in
this w2y by dchrdrogencting thic methyl groups, cross-linke
ing would rcsult, HEicept for Nancy nickel, all of thcse
products nctcd as vulcanizing czents but ~11 werce inferior
to bcnzoyl pororide in dcvelonment of tensile strcngth
~nd clonsation in thc rubbver,

It vas known that sclcnium dioxidc 1s an oxidizing
agent that possesses the poucr to onidizc sclcetivcely
thce terninal methyl g roups of organic comwounds., It was
hopcd that it would oxidizc the sidc-chain rethyl groups
of thc siliconc rubber. It ucs found that sclenium dioxide
in a conccatrotion of tuo pcrcent (bnscd on the rubber)
and in thc vorescnee of 25 volwirs of Cclitec 505 would
serve 2s o vuleonizing agent, rosulting in o tensile strcength
of 184 P.Se.i.y an cloagation of 175 n-orccnt and o hardness
of 42, Further proof of thc action of sclenium dioxide
was obtaincd by rcceting it vith a liquid siliconc, hcxa=-
mcthyldisiloxanc, at 250°C, for five hours, Thc oily
product, vhen frectionated and cxanined by 1nfr5red

spcctroscony, shoucd that vulcanization had occurccd by
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rcaction of thc sclcnium dioxidc with thc methyl sidc=
cheins of the siloxanc, Since sclcecnium dioxldc was less
cffcetive than benzoyl ncroxidc, the work was not carried

further,

Depolymcrization of Silicone Rubbcer

c— - emme -

'7ith e vicu to »roducing finely Aividcd pigments in
situ, thc thought occurrcd that possibly titanium tctra-
chloridec or silicon tctrachloridc might be miseible with
siliconc rubhcr and that if this werc the casc they could
bc hydrolyzcd so 5 to form titonium dioxidc and silica
in a2 fincly dividcd statec in intimotc contoct with the
rubbcr, In starting to moke siich mixturcs of S7=-79 gum
vith the titanium tctrachloridc, it uas found that 10
to 20 parts of gum could bc liqucfied by onc part of titene
ium tctrachloride and it was obvious that a poucrful and
rapid dcpolymcrizontion was taking placc,

These mixturcs of dcpolymerizcd rubber and pigments
formcd in situ could have been uorked up into silicone
compounds in thc light of latcy vork, Instzad, attcntion
vas first turncd to thce liqucfyling recaction which changes
the 82~79 gur to a liquid product, It uas found that
dry hydrogcn cihloridec gas passcd into a flask containing
thc shrceddcd rubber vould soften 1t gradurlly until it
beecane a viscous 1ligqnid, Thc more gas uscd, thc thinner

thc liquld, vhich gcnecrally uvuas carricd to a honcylike
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Plate §

Electron Micrograph of Zinc Oxide
in Silicone Rubver

Magnification 80,000 X

Compound No.1l479

Comnosition

Depolymerized Silicone Gum 100600

AZ0-22Z-66 Zinc Oxide 152.00
Benzoyl Peroxide 780
Compounding

The HC1 depolymerized silicone gum was
diluted in CCl, and mixed with the pigment
in a Waring Bléndore. After repolymerizing
the mixture by heating, the benzoyl peroxide
was added on the mille

L

oy oy [ e

=




ELECTRON MICROGRAPH OF ZINC OXIDE PIGMENT IN SILICONE RUBBER

80,000 X
PLATE 5
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Platc 6

Blcetron Micrograph of Alon
in Siliccac Lubbor,

Marnification 60,000 %

Coripovnd No, 1u77

Compocition
Depolynicrized Siliconc Cum 100,00
Alon 28,00
3cnzoyl Peroxide 2,00

Compounding

The HCLl dcpolyncrizcd silicone gum uas mixed vith
the pigrent in 2 Varing Dlcndor. After rcpolynmerizing
thc mixturc, the benzoyl neroxide was added on the mill,
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ELECTRON MICROGRAPH OF ALON PIGMENT IN SILICONE RUBBER
80,000 X
PLATE 6

B ~matinede ..
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Plate 7

Zlectron iicrograrh of Hi-Sil
In Silicone Rubber

Magnification 23,C0C X

Compround Noell476

Composition

| Depolymerized Siliconc Gum 100600
Hi-Sil 53.50
Benzoyl Peroxide 220

Compounding

The HC1l depolymerized silicone gum was mixed with
the pi/ment in a VWaring Blendor. After repolymerizing
the mixture, the benzoyl peroxide was added on the mill.

”"e



ELECTRON MICROGRAPH OF HI-SIL PIGMENT IN SILICONE RUBBER
23,000 X
PLATE 7
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consistencye.

It vos found thot the liquid rubber couvld be trans—
formcc back to solid rubbor simnly by allouing the dissolved
acid to cscape, cithcr by hcoting or by allouing it to
stand in alr. Thec liquid rubber *as soluble in nost
orgonic solvents, vhich was not truz of the cross-linked
parcnt gum. The ligqucficd L3-7¢ rubbcelr wos put to scveral
uscs vhich will be discussed in dctail below, Thesc
includcd: a) compouwnding the liquid rubber vith fillers,
using carbon tcetrachiloridc to dissolve thc rubier; b) rc-
actions of the liquid rubbor with onnonic, glyccvinc;
malcic anhydridce and propvleic oridey c) chlorination of
thc side-chains of the licuid rebbor in solntion; &) fur-
thor rcoction of the liquid rubber vith ccctie anhydride;
ond a) anclysis of the ligquceficd rubbor to ccoternine
its naturc,

Sxpevriments were also coaducted with titanium
tctraciiloride 2\d vulecanizced siliconc seran rusber to

dcvelop 2 rcclalming nrocess.

Reinforcement of Liguid Rubbaer

It vas found that uiien the liquid irubber wns dissolved
in a solvcnt such as carbon tctrachloridc end placed in
o small, highes)ecd ‘loring Slendor or otiic: laboratory
mixer, pigments could be dispcrsey by addiaz then slouly

in the mixer vith rapid stirring,. letunlly, the ignent
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was uswally disperscd in carbon tetrachloridc, and the
tiquid rubbcer was addecd last. The rcesulting thin paste
vas dried to rcmove thc carbon tetrachloridc and, inci-
dcntally, to rcpolymcrize the rubber, The dricd compound
was then placcd on a mill, dispersion was campletcd and
benzoyl pcroxic¢c added. This cxperiment was carricd out
scveral tincs vith Celite 505, IIi=5i1, Cclite supcrfloss
and othcr pilegments, Figurc I and Tablc VII shov tihc
improvement in tensile strcength and hardness vhich resultced
in thc case of Ceclitc 505 vhcn it wes compounded in
this a2y in liqucficd siliconc rubbcr in the ‘laring Dlcne-
dor. Tur inecrcose in tensilc strength cmountced to as
much a5 scventy-five ncrecnt, The only cxplenation that
has bcen offerod for the gain is that inbdroved disnersion
and vctting of thc pigmnent occur vhen thz nixturc is
made in this auancr,

Thrce clcetron nicrograpins shoving Hi=-S11, zinc oxidc
and Alon dispcrscd in liquid siliconc rubber arc shown
in Flatec ‘los, 3, % and 5, 3Ixcept wherc the micropraphs
show the presence of 2ggregates, it will bc notcd that

thc dispcrsion is good,

Ammonia=~Stabilizcd Liquld Siliconc Rubber

- - —

It was pointed out abovc thrt the liquid silicone
rubbcr would recvert to a solid gum if thc hydrogen chloridc

gas verce removed by hecating or long standing. 'hen the

- S —— - e s e ece——
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excess acid wes ncutralizcd by the introduction of ammonia
gas or cmmonium hydro:xidc, thc liquid rubber did not
rcturn to its solid form, Instcad, it bcecamc a rcl tively
stablc, liqucficd siliconc rubber which could be hecated
noderntcly wvithout change., The cddition of ccids to the
anmonia-stabilizcd liquid pum couscd a solid rubber to
be regenerated.  fhen tiic aurioninestnbilized liquid ves
hcatcd for onc hour ot 300°F., it r-polymcrizcd partially
to form a sticky solid unich had somc adi.csive qunlitics,
Thc crmonia=strbiliz-.d liquid gum had thc saine »roncrtics
as did thc acid liquid egur in that it could ©te comhourded
vith fillcrs in carbon tctrachloride solution in the Ver-
ing Blerdor to yicld ucllercinforccd cormounds. The
ammonic-stabilizcd oroduct uns uscd as a rcactant in the
samc vay as the ecid gum in furthcr vork,

Onc semplc of the annonia-stabilizcd liquid gum was
carcfully -.~szhud to rcmove all traecs of ceid, ammonia
or ammonium chloride and tucn was cnalyzed., T analysis
indicatcd 2 formula as follous:

Siy, Cgg Haely 036(NH)g

A molzcvlar wcight cdctermination on this nroduct by
a frcczing-point-loucfing determinntion in benzene showed
a molccular vweight of 32C6, vhich correcsponds to the g
above cmnirfecal formula. Thesc results indicate that

the 1iquid amronia-stabilized siloxenc consists of cither
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linear siloxicnes of medium length or cyclic siloxanes,
The »roduct is undouvbtedly a nixture of such polymers,
It is very likely that the cyclic »nolymers predominate,
thus accountins for the stability of the ermmonia-stabilized

liquid »nroduct,

hlorinaticn of Liguid Silicone Rubber

This pnase of the uwork wos undertaken to introduce
polar grounps iuntc the silicone molecule., It was recognized
that the loch: of polar grouns on the silicone ciain is
responsible to o la:rize degree for its good lou=~temperature
properties, but it vas thought that the introduction
of o feu sucn polar sraups night in some ucy increase the
forces betueen rubber molecules or betucen rubber od
plgment so as to increase tensile strength,

The liquefied silicone rubber offered a method of
reacting chilorine uwith the rubber, since it could be dis-
solved in a solvent through vhich chlorine could be nassed,
A large nuzber of chlorinotion experinments were carried
out vith thid liquid £:=79. Calorine vas passed into
the solution until the rubber shoued the nresence of a
naximum of one cihilorine aton for every four silicon atoms,
It vas found that the 2oler cinlorine atoms vere respon=
sible for on increcse in tensile strength from approxi-
nately 200 n.s.i. to 600 p.c.i., Meanuhile, the elonga-

tion dropped from anproximately 125 percent to approxie
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mately 50 percent, and hardness increased from 50 to 90,
Not all of the qualities of the chlorinnte’” silicnne
rubber vere {avorable, hovever, becatse it wuas found that
at the higher oven temperatures (300-4000F.) the chleri-
nated samples became hoard and brittle and there vas an
odor of chlorine around the oven, This indicates that
the chlorinated methyl ;rouns are not stable ot these
temperatures,

A further study vas made of the chlorinr~tion of GR
9979-S rubler., 3welling tests were carried out in A.3.T.M.
0il Yo, 3 to see if the chlorinnted sainles had imbdroved
oll-resistance, It was found thot the chlorincted samnles
swelled slightly mor: than unchlorinated silicone rubber
in AS5.T,M. 011 No, 3. This vas not uxerstood ot the
time, but later work on the mechanism of svelling of
silicone rubber, carried out by Nr, . L. I2user, demon-
strated thet svelling is dependent primaxrily on the
cohesive enerpgy density of the swelling llquids and of
the rubber itself, Although the substitution of chlorine
in the silicone molecule ey be exnected to raise the
cohesive energy density, it 1ls apparent that the cohcsive
energy censity of A.3.T.ils Cil Wo. 3 is so close to that
of the chlorincted rubber that considerable svelling
ocCurs,

Attenpts vvere made to cure the chlorinated rubber
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vith zinc oxide, magnesium oxide and litharge. Cures
vere obtained but the tensile strengths vere inferior to
those obtained with benzoyl peroxide, and this avenue
vas not pursuvec further,

It wvas denonstrated and reported herein thet the
SC=76 ruhber could be easily chlorincted, The chlorinated

Si-76 rubber shoued improved teasile strength, louer

i | elonzotion and higher hodiess than had tcen observed
with 3C=79, This nethod of nodifying silicone rubler in

! order to imwrove its strength vas abandoned at this tine

and later reswumed wder another government contract, !0as

; 51=766=c, Study under the latter contract has revealed
that chlorinated silicone rubber is definitely more resis-
tant to aromatic frel than the unchlorinated rubber,

1'. There is a cood proboability that chlorincted silicone

rubber will have some practicoal application,

| Reaction of ILiguid Silicone Rubber with Glycerol, Propy-

| lene Oxide, Maleic Anhydride:

. -

The renctions discussed here were actvally a cone

tinuation of the atteapt to prepare a stearic acid ana-~

logue mentioned earlier, but the uvork vas also pursued

with the thought thot some of these modifications might
improve the inherent strength or change the behavior of

the rubber to::ard reinforcing agents.

The most interesting was a reaction product of the
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liquefied gum with glycerol, The two materials wvere
heated together, at a gradually iising tenperature, up

to 130°C., at vhich point all of the acid fumes had been
evolved, This nixture woulé solidify upon cooling to
form o repolymerized product containing approxinmctely
ten percent glycerol., If the reaction were carried out
in the presence of carbton tetrachloride as & solvent

and also in the presence of a uater layer, the final pro=-
duct wos a viscous, colorless, stoble liquid. It appears
that sufficient glycerol reucts vith the depolymerized
rubbar to rcplace chilorine emd grouns tith glycerol end
grows, and that this permcnently stabilizes the liquid
rubber, This nrocduct as called G-2 and 'as mrde later
in considcrable quentities for use in the production of
diaphragms of silicone rubber, It uves fourd thot treat-
ing the glass febric of such diaphragus vwith Ge=2 before
applying the sllicone rubber greatly improved the flex
life of the final product,

Tests werc carricd out uvhich revealed that as much
as five percent of the G=2 product in the standard sili-
cone test formula had a plasticizing ocction on the product,
lowering tensile strength slightly, roaising elongation
oand lovering hardness, 1t 'as thought ot this time that
G=-2 was a permanent liquid, but later tests showed that

at a sufficiently high terimerature it would harden and

- are
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l fornm a rubbery gum on glass fibers.

l In the case of aropylene oxide, it uas expected thot

I this material would pic: up free hydrogen chloride to
form the chlorhydrin which would cveporate off, thus

{ regencrating the surm, It was found thot this did occur,
and the resultiag pum products vere tzstea. The average

i product »roduced in this uorl: had o tensile strength of

o 400 p.s.i., on clongation of 175 percent and o hardness
of 52, indicoting that the original rroperties of the

gurm had bhecn adecqurtely restored,

-——
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Moleic anhidride vos hectcd with denolyrmerized G2

—
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9979G gum for 30 to MO minuics ot 100°C, Pale yellow
" gums rcsulted which, after neing vashed to remove excess

maleic acid, verc compounded vith 25 volumes of Cclite

505 and tuo percent benzoyl peroxide in the usvol vay,
Results cf physicnl tcsts werc not greatly different from
those of thc control, indicating that although a small

amount of moleic anhrdride nay have reccted vith the de-

e R —

polynerized ruober, it had no apprecliable effect on the

nature of the rubdber,
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The cbove fowr paragraphs describe reactions of liquid

[ siliconc rubbor 'ritn various suhstances, It vas apparent

that none of the »"roducts of these reactions contained

[ very much of the reccting substonce, Since recction had
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undoubtedly taken place, it uvas felt that this wuas due

to a lack of sufficient cnd groups on the liaquid silicone
rubber, Determination of chlori:ie in several sonples

of liguid silicene rubber showed chlorine contents ranging
from 0,36 to C,98 werecent. Assuning that there is a

chlorine aton on hnlf of the end groups, the calculated

! molecular weight of the denolynerized silicone rubber runs
r fron 20;000 to 7,000, lolccular eignt detecrminations

by the freezins point decpression of benzene varicd from
; 2,800 to 1,100, This indicates thet the hydrogen chloride
transfers from one molecule to anothcr, splitting the

chrin as it does so, and thrt some of the chnin ends

ot e

join up to form cyclic, lou-mulcculcor-wcisgit nolymers,
The lattcr, of course, vonld be relatively unreactive to
f aients such as crusonia, glyeerol, prepylenc oxide and
i malelc anhydride, For this reascn, a thorough study of
| | polyme> modification was undertaken., The account of this
study is copled belovr from Report i'lo. 9. It vas found

that denolymerization should ba carried out in the presence

of a substance such as an anhydride in addition to the
acid catalyst in order to prevent ring formation,

"Threc possible woys in which the silicone skecleton
could be altercd to produce odif ied »nHolymers hnave heen
studied:

(a) Oxidation of side chains

s “ - Ay .
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Run Silicone Material Used _

Oxidant

- - s - > cemmmsen  Snmseate =

1. 50g HCl dcpolym. Aqucous 5«75 hrs, 50- Chlorine

9979-G KMnoy, 60°C., libveratcd,
28 g
2, 100g HCl depolym, Aq iMnO, 4.29 hrs.at SO-gOO Chlorine
9979-G 23.#3 5.0 hrs, 100 liberated,
Only rart
of thc¢ oxidant
uscd,

3. 37.1g HCl depolym.20g CrOy 10 hrs, 112°  only the
99.79~G in 12 n first Sml

H,0 & 32 of oxidant re-
ml HCAc acted,probably
due to Cl,

4, 100g Methanol- 50g 13 hre, 120- All the
stabilized oil,  Pb(OAc), 140°  Pb(0Ac),, was
(HC1 gum rcocted consumcd as
with MeOH) shoun by a ncg.

starch-1iodidc
tcst, but no
apnarcnt vis-
cosity increase
occurrcd,

5. 100g of 81.3g 4 hrs, at 140°  No rcaction,
Methanol- Pb0, 7 hrs, at 190=- Not cven the
stabilized oil, 210° first 8.g
(same as in Run of oxidant add-

JW) ., ed was consumed
. (positive
starch-iodide
test)
iy T e 2 ae '"‘A“—‘u" 7 '—:: .i‘.;;.’.‘rjx
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(b) HMore thorough denolymerization of silicone chains

e e &

(c) Atiempnts to form a Grignard derivative through
tiie chlorine-substituted side chain

"Items (a) od (c) wverc not studied extensively,

I vhile (b) was, As far as denolymerization is concerned,

the ~rournduork has nou been laid for ~ program vhecrein

D= <.

short silicone chnins of average moleculoar vucight of

about 500 can be rcacted with other difunctional chain-
i forming nolvcules to nicke nixed »Holymers vith pronperties

quite differvent from those of the silicones themselves,

Side Chain Oxidation

{ "Onc point of ottock in an attempt to modify the
methyl siloxane »nolyner is thie zide chain, ‘lhile there
are numerous reports in the liter~twe thot cir ot kich
temper-.turcs couvscs oxidetion of siloicones with replace-
nent of the side chain by oxygen ~nd consequent cross-

{ linking, thercec is little vork reported in the literature

] on the cffect of the usurl chemical oxidants, It vas

noted in carlicr vork (Report llo, 6) that seleniun dioxide
has a curing action, and hcnce various other oxidents
were tricd,

"At first, rcactions of derolymerized gum with aqueous
oxidants wirc ottennted, It woas found that potassium

permanganate and chromic cnhydride hove no effect other
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'[' than the oxidction of emd group chloride to chlorine,

[ Tuo points then became apparent: first, if any oxidation
were to succeaed, it would have to be =t a higher tcmper-
ature than that of the aqucous oxidants used; and sccond,
the gum shiould first be converted to an intermedicate which
vould be much more stcble touard renolymerization than

the acid=dcpolymerized product,

"The methanolestaobilized uum vwith cnd methoxyl
groups (Scc nege 39 is such o nroduct, Tro oxidants
vhich nronis 1 to be reprecscntative of specific and none-
specific oxidunts arc lead tetro=-acetote ond lend dioxide,
i The former reacted with the methoxyl oil, but, in the
process, acetic acid vos formed, This,y torcther with
impuritics of ~cetic ~cid and acetic onhydriie in the
commereial lcad tetra=acetote, preventnd o high=temperature
[ oxidation (brcruse of their volatility) and libersted
nethanel uliich consumed the oxidant, The lack of increase
in viscosity svustaitiates tinis view, ‘lith the second

oxldant us.:d, lend cioxidc, o high recction tenper:ture

was obtoinable (190-210°C.). Houcver, in this casc,
no rcaction had t-ken place ot the cnd of scven hours,
The conclusion drowvm from this work is thot the side chain

is extremely rcsistant to high-tcmpersture, dry oxidation

as vell as to attack by the comnion agqucovs oxidants,

. Pi R
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"A sceond ajdproach to polymcr —odification was that
of extensive depolymerizotion and incorporation, It nmay

be remombered that it 'as stoted in the Summary of Report
Ho, 7 (sez noge 32) that the failure to modify the gum

by rcaction of various substances with the HCl denolyner-
ized gum might be caused by o lov number of recctive cnd
grovps, or, in other vords, by an insufficient degrce of
depolymerization, The prescnt study vas thercfore started
with tvo main objcetives: first, a more effective means
of depolymerization was to be found; and seccond, these
highly depolymerizcd products werce to be cvaluated as
intermediates for the incorporation of hydroxyl and amino
compourds. For the first objective, it was decided to
use the frcezing point deprecssion method of molecular weight
detcrmination as a yardstick,

"The first method of depolymecrization vas the reaction
of acctic anhydridc with HCl-licuefied gum in the nrcscnce
of an acid catalyst, such as ferric chloride ("acid"
in the Lcuis sense of the word). The ovcr-all rcaction
may be reprcsented as follouss

~0-81-0-81-0-81-0-S1~
: : -0-51-0Ac £

DT T TTTTTTD Ac-0-81-0-81

£ Ac-C-Ac A Ac-0O=Ac 0

. : )
Si-0=-Ac

# Ac-0-31i-
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It may be noted that this Ychain-chopping" results in

a decpolynmerized nroduct with acctate ead grouss, OSince
the product is contominated uvith cxeess acetic anhvdride
fronm which it connot be scparcted by chenical means, a
molccular weight dctermination cannot be run dircctly on
it. Howvever, a rcaction of thc acctic anhydride oil with
methanol producecs a methoxylatcd oil which can cosily be
freed of impuritics (mcthanol, methyl acctate and acetic
acid) by water cxtroction and heneec is idcal for a mole-
culer weight stuvdy., The asswiption that the methoxyl
derivative has thc same molccular weight as the ccetic
anhydride prccursor is not valid, since thc ccectate end

group may rcact in eithcr of two rays with mcthanol.:

: -H20
I -0-51-0:C-CHy ~—- CHy-0-G-CHy # ~0-51-OH- ~—%Dimer
: !
.0 0
1i~0-CHj
IT -0-81-0-G-CH3 - -7 i0G-CIi3 # -0-31-0CH,

CH3-OZ-H
Howevery the maximum incrcasc in molccular weight would
be onefold. The moleculoer vcights of the rcesulting
methoxyl-siloxane mixture rangcd from 499 to 1070, the
lowest valucs rcsulting from the highest concentrations
of thec "chain-chopper'", ccctic anhydride., 7ciscl mcthoxyl
determinations indicated that the olls do, indced, contain

substantial amounts ol mcthoxyl end groups. Thc dctermi-
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nations, houcver, were not in agrccment with the physieal
molccular wcight values, A typical preparation of a
mecthoxyl oil by vay of the acctic anhydride intermediate
oil is as follous:

"To 50 grams of gum wcll-dcpolymerized by HCl
trecatment is addcd 10 grams of acctic anhydride. The
mixtuwre is varmed on a hot platc, and 0,2 grams of fecrric
chloride is added, Although tvo liquid phases form ini-
tially on nixing, after 5 minutcs of hcating, only onc
nhase rcmains., The solution darkens amd bocormes very
mobilc, Heating at tihc bolling point is continued far
tvo hours, After cooling, thc product is a clcar, mobile
0il; somec dark solid (probably fcrric acctatc) has scttled
to thc bottom of the flask and may tc filtercd off.

"Twenty millilitcrs of this acctic anhydridc product
is then mized with 50 milliliters of wmcthanol, Thce mixture
is boilcd for 30 minutcs, Aftcr bteing cooled, the mixture
is recpcatedly cxtract:d vith vater to rcmove all mcthanol,
methyl acetate, fcrric chlorice, acctic acid and acctic

anhydridc, A clecar, mobilc oil rcsults aftcr drying.

TARLS T

MOLECULAR WEIGHT DITRTMINATIONS ON
METHOXY~0ILS FROM ACTETIC AIMIDNIDE-~OILS

Run 7ZAco0 Used MY Nun 2Acg0 Uscd MU
1 80 499 3 30 721%
2 40 705 L 10 1070

*Thc moleccular veignt as ealevlat~q fron a mcthoxyl ceter-
mination vas 270
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"Thce scecond method of dcpolymcrization wcs by vc-
action of thc HCl-liqueficd gum 9979-G dircetly with
mcthanol in thc prescence of an acidie catalyst (herc,
ferric chloride). All of thc rcactants wcrc brought
together in onc phasc by means of o solvent such as cther
or carbon tctrachloridc. Thc rcaction is:

Si=0-31 ¢ 20H30H-—~—~ Al ZSi-OCH3 £ H2O
Since watcr is a nroduct, it vas thought at first that
a drying ageat would incrcase the cxtent of rcoction,
It vas found, houcver, that thc amount of drying agcnt
(Dricrite was uscd) had no cffcet on thc molccular ucight
of thc product. A typiccl orenarvation of thesc nicthoxyl
olls is as follows:

180 grams of HCl-dcpolymcrizcd gum is mixcd vith 450
millilitcrs of mcthanol. 1,5 litcrs of carbon tctrachlo-
ridc is addcd, cffceting foraation of onc phasc. Anhydrous
sodium sulf-tc (76 grams) and 1,8 grams of ferric chlo-
ride arc addcd to give a ycllow solution, Aftcr standing
at room temperaturc for five dars, the solution is tho-
roughly washcd uvith watcr to rcmove methanol and ferric
chloridec, Thc carbon tctrachloridc solution of the product
is dricd ovcr sodium sulfatc, and the carben tetrachloride
is distillcd oft to lcave 175 grams of a mobilc, colorlcss
oil,

'.‘-J-.I.-
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| MOLECULAR YEIGLT DETrRHINATIONS ON
M METHAT'OL-DRPOLYTENIZATION PRODUCTS
Run VWeight of Drierite (CaSOL)  M.l. of the Producy
1 1% 25 336
2% 200 318
| % LOOo 3Lk e
- Lx 750 392
= G 0 378
RN G kk — 1750
7* 3 laTee 2035
{ |1 *  Runs 1 thrcuch % were with 50ml MeOH, O,2g. FeCl,, 20g,
Lig. Gum, 21l in 100l dry cther, -:ith the indicaced
1 (.- amount of Drierite,
| { *%  Dun Y uns made " ith uater-saturated ether,
= e w2 Runs 6 and 7 (controis) involved the direct reaction of

liCl-1ic, gun vith excess MeCil vithout solvent, acid
casalyst., drying agent, ete,

- #e4%The noleenlar reicnt as calculated from a Methoxyl
E deievminntion wos 1026,

The renction “nvolvad in mins sic cnd scvea is:
1

. =330l £ MeOH oo vmmmme=) -§i-0-Me A HC1

The lou couteut of methoxyl in Tun jo. 3 indicates that

e ——
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cyclization rnicy have occurred following depolymerizotion,

This would o~ccount for the nrecence of small molecules

containing no methoxyl ¢nd groups. The conversicn of tiae

HCl-depolymerized nroduct into los-moleculeor-ueight neth-
oxy derivatives rmalkes possible a comparison of the pro-
ducts of the iwo new depolymerization methceds with the

HC1 liquid eum, It is significant that values around

— —— - — ——
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1800 have been obtained in the past for the HCl-depolymer-
ized liquid gum wvithout stabilization,

"These two depolymerizotion methods appear to be
general; that 1s, any cnhydride should react with the gum
in the presence of on ccid cotalyst., The anhydride of a
dibasic acid (as maleic anhydride) should react in the
nresence of an c~cid catalyst and in a homozcneous system
to give 2 polymer of th? tyne:

-§-cti = CH-C=0-S1- [o-és&‘ ~0-31-0-C=CiI = CE-g-O—éi-O-$i-O-
5 ! f T 3 U

That this was not effected in earlier vork (Report llo, 6)
is probczbly due to the failure to use nn acid catalyst and

to obtain o one-phase system,

Silicone Modificntion
"After the two neu methods of denolymerizotion had
been explored, the nroblens of incorporaztion of foreign
groups into the siloxcne molecule and repolymerization
vere studied, Unlik%e the methoxyl oils vhich secn rela-
tively wrezctive, possibly bccause of a naucity of end
groups, the acetic anhvdride rroducts reocted readily with
hydroxyl compounds such as :iethanol and glyccrol, This
is in accordcnce uith theory, which stotes that the neth-
oxyl coupounds arec ~nnlogous te ~slers, ~n1 the acetic
anhydride products to nixed anhydrides.,

"The renction uith ;lycerol is anclogous to the

s .
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reaction vith methanol, vhich has already been discussed.
It may be renresented as follows:

CHy-G~0(Me;310) =C=Cily £ 2CH,-CH~CHp —» 2CI1,COOH A
3% g el .

HOCHQ-CH-CHQ-O(MeSiO)”-O-CH9¢H-CH20H
H ) “OH

It is to be anticinatzd th-ot some lincor choin formeation
and some cross-linking also occur tirough the ,:~hyaro:yl
groups of the glycerol. The products formed by this
recction of glycerol w1ith the ccetic anhydiide oils core
colorless, rohile liquids., They cannot be transformed to
gums by ordinary nethods; that is, neither 2 pevcent ferric
chloride nor troces of suliuric ceid uill cruse cnprecioble
nolymerizcotion as cecuirred vith the corlier reactions of
this 'iind (Report o, 7). This is nrobably due to a
preferenticl reacticn of frece hydroxrl zroups uvith the
acidic catrlyst, Trc..trent of the oil vith excessive
amounts of concentrated sulfuric ccid folloved by dilation
with vcter does result in gum fornnticn, this probobly
being cffected by the eliminction of glycerol «rouns,
A typleol glycerol-oil prencrntion is cs follows:

400 grams of liCl-depolymerized gum is ploced in o

liter Zrlenmeyer flask., To this is odded 1, zrom of

ferric chloride (hydrate) =~nd then 20, milliliters

of acetic anhydride., The contents of the flack ore

hected on o hot plate uith stirring for o few nirnuies,

okl aR S Vg 4 - e S C—
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Within five minutes, 20, milliliters of acetic an=-
hrdride is ~2dded, Then 160, milliliters more acetic
anaydride is ndded evenly over a period of one hour,
and the mixture is boiled for one additional hour,
After the flask and contents hove cooled, the solu-
tion is filtcred to give a clear, red mobile liquid
(the zcetic anhydride product)., To this is cdded
200, milliliters of glycerol, which forms a yellow
lover layer., The mixture is heated cautiously with
stirring to initinte the reaction, *hich proceeds
exothernicclly., 1In ten minutes, a dork lower phase
forms with a clear oil ~bove it, The nmixture is
hected on a hot plate for one hour and is then allowed
to cool. The dork, water-soluble lowver phase is
discorced. This orobably consists of glycerol mono-
and di-tcetates, unreacted glycerol and highly hydrox-
ylated crgono-siliconre products. The top vhase is
clear; this is repcatedly wnter-extrocted ofter
dilution with ether. Tne ether solution is dried
over sodium sulfote and the ether is distilled off
to give a clear, colorless mobile oil (Glycerol
Product), 390 ¢rams yield,

"The glycerol products can be condensed by rerction

with cross-linking cgents as diisocyanctes and poly-

functional chlorosilanes. The condensation process is
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probably not as simple as:

R . ] 3 ' ¢
~G-03H €L -51-CL Hi=0-Ce ——— £-0-51-0-C
TR * -2oEcy ' '

since, vhen tried, dimethrldichlorosilane did nct effect
gum formetion, Cum formotion occurred on reaction with

nhenyltrichlorosilane and may follou the path:

0-84-0-CHp=GN-CEp  -0-31-0-Clio~CLi=Cll,  =0-31-0-Cilo=CH-CH,
'HO O 6 0 o 0%
Gl B B4 31— 0
‘3* 0| |
o’ Sc1 T 0
\ H20 | '
cL .0 ’ Gl ' 31—
- RN P
Nk \.'(:1'. 0 0 c 0
on: oy’ |

O-Si-O-CHﬁ}bH-CHQ -0-81-0-Clp~Ch-Cily ~0-31-C~Cilp~-CH=-CH>

This mechanisin raticinalizes the failure tc ervoss-link

with dichlorosilane, fer a dichlorosilane would act as

a chain stopping ageat. These gums, uwilike the uatreated
glycerol products, may he cuved; however, the products

are brittle and weak, By varying the amount of »nhenyltri-
chloresilane, one obtsins gums of varying hardness, ‘ilth
2.5 percent, an oil uas obtained, *itnh 10 pnercent, a
greasy iass vas srocuced, Vith 13 to 25 percent, hard
gums vere obtained, In a tynical run, 40, grans of
glycerol nroduct, prepared by the above procedure, was
reacted with 7.5 grams of nhenyltrichlorosilane by heating

the homogeneons nixture under reflux for four hours,

C s = o cos
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During this period, hydrogen chloride mas evolved., At
the end of this tine, the liquid "as cooled and stirred
with excess water, forming a solid, rubbery but brittle
gum,

"In the case of the methoiyl oils, repolymerizotion
is effezted by heating vith 2 percent ferric chloride,
One batch of gum so "ormed showed excevtional hardness on
curing; noucver, repetition of the oroceure goeve a dry
orittle product, Tvwo points are evident: first, although
cheniical procedures nay be reneated to give the scne
product, tiic ~unrin~ »rocess has not been standardized
and is subject to variations in human Judgment; and second,
the anomalous hardness of the nethoxyl gum was nrobably
due to a difference in the depgreec of repolymerization and
not to 2 change in the busic woliyrmer tyne,

"Another anproach to polyner nodificotion vas the
reaction of asnonia~stabllized liguid zum with adipic
acid to forn cross-links. The reaction is probably as

follous:

\/ v/ N Y/
si Si Si si
. oD R o ! 1
W H HO -.g-(CHe)u -g- OH 1 Ig-,c(;)-(cn;,),+ -g-l:
Si Si 51 51
4, n I IN

This reprcsents an unstaeble structure analogous to a beta
diketone, The nroduct, while it anpeared to he a strong

gum after the reaction, proceeded to cenolymerize slovly
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to give a product similar in anpearance to the original
ammonia-stabilized liquid. The addition of triethanola=-
mine failed to prevent this decomposition, The method of
preparation of the adipic acid ammonia-stabilized silicone
product is as follous:

Bleven grams of adipic acid is mixed with 122,
grams of ammonia=stabilized gum (solvent having been
removed), The mixture is hcated to 250°C. on a hot
plate for five hours. Some of the adipic acid
sublines and condenses on the flask walls and must
be scraped off, At the end of the reaction period,
the liquid is allowed to cool, and a strong elastic
gum forms, On standing for a ucek, this gum decom-
posed to form an oil, Addition of nine grams of tri-

ethanolamine did not prevent depolymerization,

Formation of Grignards
"In an attenpt to modify tihe pnolymer by introduction

of polar groups, chlorinated 81176 gum (1 Cl to 4 Si atoms)
was treated uith excess magnesium, Tnere vas no indica=-
tion of Crignard formation eitcept in one case *'hcre the
polymer separated from ether solution, indicati:g cross-
linking. This work might be repeated vith conversion to
the iodo-derivative before atteunting to form the Grigna*rd

reagent, It should te noted, nouever, that there are

reports in the literature on the depolymerizotion of

e



o P
Smnd

L8,
methyl silicones by Grignard reagents,"

Follouing the study of depolymerization reported in
the last few pzges, further work might have been done on
reactions of the thoroughly denolymerized rubber with
ammonia, glycerol and othwer reactive substances in an
effort to improve the reinforcement of thre silicone polymer,
Hovever, other interesting and fruvitful e:mcriments were

already under -ray, vhich made it necessary to curtail this

vorlc,

Reclainming

After it hed been demonstrated that strongly acidice
substances such as titaniwn tetrachloride uould liguefy
large quantities of silicone rutber, it u:as obviovs that
this shonld ©e tricd on vulcanized silicone rubber, as
a method of reclaiming, The first experiment was carried
out with silicone-cocted glass cloth, 3ilicone-glass
cloth gasket scrap as digested first in a ten percent
solution of titanium tetrachloride in carbon tetrachloride,
The concentration of titanium tetrachloride could be
reduced to five percent, but not as low as one percent,
Upon standing at room temperature, these solutions attacked
the silicone rubber, loosening it from the glass., After
the disintegration of the silicone ruuvber, the glass fiber

was renoved from thc mnixture. Then the solution vas

carefully trcated with vater to decompose the titanium
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tetrachloride, transforming the latter into titanium
dioxide, The slurry vas concentrated to dryness by
evaporation, and the rubbery mass was then milled to
disperse the nevly formed titanium dioxide,

Reclaim produced in this way was compounded in 50350
mixtures vith nev Dow Corning 6-160 rubber, Tensile
strength and elong~tion vere definitely reduced with this
much dilution by reclaim, although introduction of
additional Yenzoyl -eroxide rostorad the tensile strength
to its original valuve, It vas evident that reclaim of
some value could te made by this nrocess, A comparison
of other reclaiming agents uas made and it 1as found that
titanium tetrachloride as the "est, folloved in order
by dimethyldichlorosilane, stannic chloride and silicon
tetrachloride,

In order to cevaluate the reclaiming ~rocess furthef,
these tests ucre rerecated, 1iIn this case, the scran for
reclaining was selectcd free of glass fiber, and one half
of tlie scrap was reclaired with titanium tetrachloride
wvhile the other hali wvas reclaimed simply by srinding
extensively on the laboratory mill, A very fine powdered
gscran vas produced in this vay,

The two reclaims were then compared by »utting each
in 50:50 mixes with Dow Corning 6-160, It was found
that the ground scrap produced very little lovering of

the tensile strength and elongation, as comnmared viih
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those of the control compound, The solution reclaim,

on the other hand, showed a large reduction in elongation
anG a large increase in hardness, Tensilc strength wvas
not grcatly affected, The conclusion vas drawn, therefore,
that reclaim produced by the solution process offers no
advantage over reclaim produced simply by grinding.
Grinding may not be feasible on scrap céntaining glass
fiber because of thec difficulty of grinding such a material
and because the ground glass in the product will have
little volue, It vould seem, however, that in order for
the solution process to be very practical, the silicone
content of the scrap should be high. The usual varieties
of silicone~coated ¢lass cloth contain gencrally less

than 10 percent of gum, Reclaiming this by the sclution

process, as nov developed, is questionable economy,

Adhesives

Another by-product of the uvork on c¢epolymerization
was the possibllity of making a silicone adhesive from the
ammonia~stabilized liquid rubbecr., ‘‘hen this material was
heated for one hour at 300°",, a sticky product vas obtained
wvhieh, hovever, had very little cohesive strength, Upon
getting ITurthcr into this problem, it was found that
greater strength in the adhesive could be obtained by
blending new SE-76 rutber uith silicone oil, and the

strength could be enhanced further by adding small amounts
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of fillcr and benzoyl neroxide. The best formulation;
called Adhesive ;#200, consisted of four parts of 5E-76
rubbar, six parts of G.E. 9996-1000 silicons oil, 0,17
parts of Santocel C; 1.73 parts of Titanox RAMC and 0.2
parts of henzoyl nerosxide. This mixture uas coated on glass
tanpe vhich was then heated in an oven in air for one half-
howr ot 350°F. This oroduct stuck to a vide variety of
substances, including glass, metal, vood, silicone rubber
and GR-G rubb2r, It remained sticky over a temperature
range from =70° to A+30°F. After being apnlied, the tape
could be e:xposcd to boiling water, alr at —70°F., air at
480%,, and 437! 0il o, 1 at 350°F., without losing
adhesive nroperties, This vorl:t was nortially responsible
for our entcring into a contract vith the Air Force on

the development of lou=tenperoture adhesives (AF33(600)-

16213).

Isocyanatns os Cross=Linking ‘gents in Silicone Nubber
Isocranates are very active chemicals 1in which the

~NCO groums can react readily 'ith compouncs containing

=0ii or =i, crouwns. Di- or poly-isocyanates nuve been

used to nrocduce nolyviers tecause of this reectivity; for

example, a diisocyanate vili react with ethylene glycol

to form a long-cheain polymcr. If glycerol is used in place

of cthylene glrcol, the nolymer 1ill be three-dimensional,

Resins may ¢ formed by reacting organic diisocyaneates

WS . e LT v B b pape
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with siloxanes which contein active hydroxyl groups (U.S.
Patent 2,527,590; 1950) . 1In Report lNo, 9; the results

of a study of the rcaction of mcta toluenc diisocyanate
vith ammonia-stabilized and with glycerol-stabilized liquid
silicone gum wcre presented, It was found necessary to

be sure that the reactants were-free of moisture, since
vater deconnoses the diisocyanate, About twenty different
rubbery procucts vere procduced by allowing the gum to

react vith ¢ to 25 nercent of the diisocyanate,

The procuct resulting from the ammonia-stabilized
liquid gum vas given special study., It was found that
it could be milled in the usual manner and compounded vith
as nuch as 5C volumes of Celite 905, Vhen cured in a
press for 15 minutcs at 250°F., the comnounds resulted
in crumbly slabs vhen cured either vith or uvithout benzoyl
pero:ide,

The glycerol-stabilized liquid gums were also given
special study and they, too, were found to be capcble
of being nilled and loaded vith Celite 505 (29 volumes),
These compoundcd gums became brittle amd nonelastic vhen
heated in thc press, as above, either in the nresence or
absence of benzoyl peroxide,

It was concluded that the diisocyanate reactvs uith
the active <NH, or =Oli groups of ammonia-stabilized or
glycerol-stabilized liquid gum, but no obviously uscful
products resulted.
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1
'{I Reinforcement of SE-76 3ilicone Nubber
Ifl It was pointed out carlicr that liquefying SZ-79
rubber, folloved by dispersion of fillers in it in carbon
] tetrachloride solution, resulted in improved rcinforcement,
Then the General ZTlectric Company nade available a liquid
] silicone rubber, SI-76 (originally 81176), it was thought
likely that improved dispersion of fillers would be pos=-
sible wvith it,

SE-75 gun is a vater-vhite, viscous liquid wvhich
smooths out on the nixing rolls immediztely. Unlike E-
79, it 1s not cross-linked to any gre:t extent. For this
recason, it is scluble in hydrocarbons, chlorinatcd solvents
and unethylethylketone, At the time that this wvork was
started, the exact composition of 37-75 uas not known to

us, An infrarsed examination of the matericl at a later

date nroved that it is substantially 100 nercent pure

it is »nolyncrized in the presence of alkali hydroxide,

During the past tuo ycars, it has been supplied in various

< g

viscosities, The carlier samples wvere quite heavy, and
General Electric found that vhen compounded, the mixtures
vere too stiff for convenient processing, RXarly in 1952;
therefore; they loucrcd the viscosity of the product to
its present level, lioleccular-uveight figures which charac-
terize the degree of polymerization will he reported later

in this report. It may be said hcre that the carly product

[
|
|
I
|

1

gi l polymer of dimethylsiloxanc., e also lcarned later that
|
|
|
|
|
]




— 2 ey by 0 .
= ey sy Pt 3 |
k
13
I
*.
MH !
n 02-3 9% ¢35 09¢ " 05¢ 6T 64-45  OX 6+81 nnaowﬁr |
" ) 2L CTT  C6¢ " 1 " 0% 2-192¢2
" " ch clc OTH " " u 013 g£-09ee
0°e 91-¢1 Q2 052 ¢t92 00T 0£CGT G- 02  ¢-09ée x2333TUN

(i

- - ——— = @
- ——

) % ﬂ w.wl.ﬂwml‘muu'llul M“!t T |qr..lkt ‘-!—Hul S .M-HOU.N! I..dlp_.wv-O‘l‘J ‘mc.H‘HHl e |.t.m.A.Ul < e mc.ﬂ.wﬂ —.wBo ”h‘..v..
$  ad00ay k! san) aam) T0A
mmO.HPw Cw>o wwo-Hm

TEpAmy FuoEdTd

(+3uody TITE L

i st




-———— - - -

=1 '
" "
1] "
" "
0°2 £2-g
" r 62-01
" u 1"
(*2°€°3)0°y 82-0T
i 5
" i
H 1]
" "
" "
" 4-01
02 $-01
I o - SR} - X 7
9 qr10dayl

(

i ——

tH
95
Al
113
89
6¢
ot
¥4
L
19
05
OH
Le

94
H

00h 6% "
832 29t "
80H 406 "
G2t GHhe 00E31
GLT  +2Hh "
002 g%e "
SLT LOT 00491
€92 1©59 284 "
522 948 339 "
30t 490 T8+H "
gHE 292 06€ "
€L 994 zie "
00t 991 10T "
£92 wEtv g9t 00€71
--;--ww-e-uw.-.wﬂmmw- ”aw.ﬂmmmW-,
$S92I38 usaQ

(*quoo) T

12

062 %1

0£2261

062281

do

aan)
ssaxd

- - .-

= 1 = em o
ou
w  OW  H98T XOuE3Ig
o 09 6581
n O 4631
arvd
64=.8 02 96T Xoueall
1 Oh TT-5$635T
n S22 8-G661
3081g 9
" 02 6-6661 uoxeauyds
n G°l2 G-296T1
u G2 #2961
n 0z £-2961
m mH NINQQH
T 0T T-c961 "
" [4 gYol T2d03ueg
3311
9L-TS 02 T=REOC® <-0-18

D T *8Td T #pdo qusudtTd
*TOA

Faa

e e 4




-t »

0c=¢ 6¢ 9l g1C " " r oc
W25 EEE gwS : ; w 0SS

" € GlH  2HS " 1 TR S
t€e-3 on Set ese u 06C26T 64-CS 2°02
6=2¢T  Oh 49T 902 Y 0€e 24T " ot
0€-3 04 che  6LS " 06251 " 0¢

" €S 435 BT e2st " " " 02

" O 106 258 691 0 n " ST

" gL 052 HLE €L " " " 1

" 09 COH .eckh (i e u M o2

g 9% 2856 00§  00¢ " " " 51

" 0t €19 ¢th gel " 1 n 01

i eh 00% 464 2o+ " " " 0c

" ¢t €9t 214 @of " " M ST
RI-2T 1€ cin +n€ ST 00ETM 0£2)%T 9L-T§  OT
°ofed 3 H T @ r oz 4, CUsaH vy, CUsumi T wmp Tl
1I0dd D) 3I0) aanp *10A

$5031316% usaQ $52dd

XoTJd

=130’

3201 Jadng
H4y3T
9281

011

G6e3T X0oAwe}!

D
E-€QTeulTTeO !

T-194T 1IS-Th
2-5Hee

o

I-6hee TIS-TH
E-giee
g-8Lee
1-0dee

en0

8422 TIS-IE
2=qhee

T-wheZ ch

S I Gt A
whee TI1S-TH

e e @ o e =

TV pdy uswdTd




(r;

- e, e § —— — e f B .|
s EH-01 (072 629 64get GEEC n " u [ 7~4961 S66T1SD
. BOITIS
u G-6 #c 9L €62 201 u u u 0T -=-=- uosyaeqg
SSOTd
) Jadng ¥
n -8 ®9 002 <Cif " 062 )61 " Oh 0LLT  93TIOD w
)
p ’ . 00 | 3
I 5-01 61 g%+ 6ee 6L u u u 0} 4 10I2 92311 OW w..
. ‘ outy ‘0l2 M
Q°¢ BR-€T 29 00T €S N " " OH 2=¢2€2 531190 ~
¢ I
31t 3
" =21 ST 04T ¢1g (92 M " u Ok 2-€0T2 ©3IT2D
309001 _
(3284 g-21 &€ 00T egt n 082361 i 0% €~#01c ssodamg
0" ¢ 0l 06T ££9 i u n n c-10561
0°¢ " 0l GLT €L9 u u i i T1-TO6T
0°2 1¢-8 oL 491 LO9 N " 062361 i &1 1061 TISOIaY
il i
0°¢ 6-6 0t 6Lt 9ol 301 00E3T 0£edST  94=-Cs 0t €-1961 uoTy ‘
'g*d  ofed® H T I %002 *do‘tSIU ot SUT m)  °31d #°pdo jueuwdid
% 1I0doy 3 2a0D 3an) T10A
SS§0J31€C UsAQ sso1d

—- - wew -

(*quo0) T¥ THaY




= —

=

|

. =

m m 49 06¢ go6¢ n .- ] 09 oHhgl
n " 26 L0S 9t u u " 9°LE €281
r u tH €156 69¢ n " u 8°QT <2281 66-7ZZ-0ZV
m " £s 0011 Q61 u u n 09 HtQT
" ce-9 ch (92 1% n u " 02 4EQT 99-2722-0ZV
2€4-0 1Y
" m 0ot g0g cte u m " O 2-9061 pogeIpPAH]
o®‘=0 TV
1 u (019 368 Tec u " u O® 2-406T pa3eapAH
/(-0 TV
0°2 ot Bl ¢t L16 LTe 00tCT 062@ST 0L=CS OH 2-8061 Po3eIPAH
0*H u 09 €1H 12¢ 18¢ " " u oc
5°¢ u 6€ 069 846 €41 " m u ST
0°¢ n % €EL 20l 2%l " m u o1
8°'1 " 0c €56 602 9¢ " n " [4
0°2 61-6 0T 05T 62 — 00€aT 0£26T  94=ES  0°0 uoty
*d°g.  o3ed™y H a A 002 do‘*SIH  “Jdod Ut my  *31g jopdp juouwdid
o/  giodoy D) oan) 2any ‘I0A ’
S$S9JI3 R usaAQ SSodd

—— - ———a

WEadnd 92-08 FSULMIL dir INaod0NTHd o XdvViiid's

o -

o

VL

e R




—

]

[

e
4

Sl -

had a molecular weight of appro:imately 700,000, and
the present product has a molecular weight in the hO0,000
range,

\lhereas it was extremcly difficult to reach a tensile
strength of 500 p.s.i. vith the SE-79 nolynmcr, this figurse
was reached with tie new rubber vwith scveral pignents,

One tensile fisure reported in Report Mo, 8 was 1034 n.s.i.
Results such as thcse were obviously cncouraging.

Table X1 facing this page, is a sumnnary of all of
Lthe ciperiments widch uerce carricd out with fillers in
SE-76 rubber, 1In mrst casce, *he f£ill._1s have been de-
scribed previously in Table I, Properties of thosc not
mentioncd in T-ble I are deseribed in Table {IT. The data
selected for Table NI include for most pigments the results
which ucre obtaincd at a volumc loading which gave optimum
tensile strengti. or cloncation, For those fillers which
appearcd to bhave outstanding provcrtics for one rcason
or anothcir, additional data at other volune loadings are
also supplicd in this Table,

Pigments tested at once in ST-76 included Alon;
three forms of titanium dioxide, tuo zinc oxides, two
calciun carbonatcs, a new silica nigment known as Aerosil,
and others., It may be said here that thesc nigments fall
generally into tweo classes: those producing moderately
high tensile strength and very high elongnation, and those

producing modcrately high tensile strength and low

T I L
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elongation,

Thosc fillcrs which are charactevized by high
elongation in siliconc rubber include the following:
Alony hydrated alumina, zinc oxidc, Celite 318, Cclite
800, G31998 Silica, Hi=8il C; I'i-3i1 CXV2, Super Multiflex
and “'itcardb R,

Those fillers which arc characterized Ly lov clonga=-
tion includc Aerosil, Celite 220, Cclitec Super Tloss,
Hi-5il1 j2-iim=h2, Wi-5il, Micalith ¢, Si-0-Lite, Sentocel
C, carton black and Vhitcte:,

Somec fillcrs seem to fall in ncithar class, notably
the titaniuvm dioxidces, of which Rnyox 110 and Titanox
RAIIC are examnles,

It is apparcnt that relativzly coarse fillers, such
as Celite 270, do not show a nuch grcater degree of rein-
forcement of ST-76 ligquid silicon: rubber than that obtained
with 33-79, as seen in Tables II and I1I, Howevir, very
finely divided fillers, such as Alon, GS1995 Silica,
Sentocel C and ferosil, arc benofited by the use of the
more liquid rubber and may recsult in tensile strengths
at least 100 perccent hisher than those obtained vith the
earlier rubber,

As will be scen later, with Alon and GS1998 Silica
suitable proportions of filler make it possible to excecd
a tensile strength of 1000 p.s.i. Guch effccts are not

entirzly the result of good reinforcement, since both Alon




*UIOJ SUTTTEISLALD
ewaed A1o8xeT

o°
m wa
04 - 0§

o0

= g

e +~O *0

-q\.:.o

g0
A_a.om

quasaxd

‘477
7565

snot;d Jowy
06°1
[

0¢

2*0M{IO®0 = 900°C

Iy 2 = §6°0

6°6 = 574

‘9T - OT
%38 - 3

S66TSH

snoud.Jorry

AR

Q
O
n

<, 610°0 =~ 600°C

o'y - &

aTTInU

AR

6Eo

% = §°9

O LN

quasaxd

93895 SUTITe}SAID
LaTAeIH O0TIToadg

*3F °*nd/°sqT - L3IsueQ AIng

3/.1 *bs maay adeviamg
32TC ITOTJIBd 33BUWIIIN
9215 91ed0a38y

Hd

€oCad

ouz

coltv

fostei

otuedJaC O BTTIeIOA

2k

ag B s B
2 b A R STl

T -

g 5 )

A
ey




S6.

eand G5199S Silica affect the cure, Alon tends to dcacti-
vate part of the benzoyl pcroxide, thus giving risc to
high clongation aind thcreforc high tensile strcngth
stocks., GS199S Silica possesscs the oroperty of vulcan=-
izing the siliconc ruiber in the absence of addcd benzoyl
peroxide, ‘'hen controllcd by lou tempcooturcs of curing,
GS199S Silica, LY a combirnation of rcinforcement and

vulcanizing activity, can produce stocks with tcuasile

strengtins in cxcess of 1500 p.s.i. and clongations of

500 pcreent or grcatcer,

For verious recasons, the filler vhich has comc to be
considcred as standard in 3%-76 compound is S:ntocel C,
[’ It i3 a silica acrogecl vhich is compriscce of very snall
| (401 micron) ultimatc particles wvaich arc formed in aggrc-

| gates of 3 to 9 microns diamctcr, These aggrcsatcs arc

porcus anc. vhen vlaced in the rubber they apparcntly soak
! } up the liguid silicorne rubber so that rcemilling is strongly
| i rcconmcn’icd to ovcreome thc so~-callcd "struecturc! cffcct,
4 j L After being remilled, the compound rciaains rubicery in-

definitcly, Tither because of its porosity or the prescnce
of water=-soluble impuritics, Santoccl C imparts vcry poor
water-rcsistance, Tor all other asnlications, Santocel

C comhounds are cxcellent., Proncrtics of Santoccl C

arc given in Table JTIII,

- === e r———
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| (‘ . This pigment at a 20-volumc loading results in a
} éeﬁéilc strength of 900 on.c,1., and clongation of 300
|

{ pereent and a hardness of 51 (Table 1), It falls inthe
class of lowe-clongation pipments for silicone rubber,
Inasmuch as %antocel C proviies modceratcly high tensile
[ strengths and clongations, it has becn adontcd for usc

in sonic of thc General Tlectric siliconc compourds and

T has becn rceemmended by this comnany to those vho vish
| = to compound theiyr o silicone rubber,
. Fillcuys viiich arc of intcrcst bocauwsce at high load-
| I ings thcy »rovide noderate tensilce steength and clongation
N vithout wadue bardening arc zinc oxice (AZ0-22Z2-55),
| titaniun dioride (Reyox 110 and Titanox RAIC), Hi-Sil,
‘ .. Cclitc Supcr Floss and Ceclite 270, ‘'ailtetex, Ultcarb R
L and Suncr ltiflex, Sincc cmnhasis was »wlaiccd cn striving

to achicve hich proncrtics, nonc of tihcsc vas invastigated

—

extensivcly, tiuch Ifuerther study could be nlaccd on some
of thesc, as well as othirs such as 7i-0-Litc and spcclal
samplcs of Hi-5il, aund Micalith G, Acrosil will undoubtedly

rccceive considerable attention sincc it is to be imnortced

or manufactuwrcd by at lcast tvo comnanics in this country,

Aecrosil is an acrogcl silica live Santoccl C and uill

B i
-

probably bc comnctitive with it in the siliconc ficld,
It bccamc availablc only at the closc of thic contract,

and not much could be done ithh it Tor lack of time,

s poiated out above, Santoccl C vas considcred a

_m N M ey e B
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standard or control nigment for much of the rcmaining

vork, Commcnts on GS1993 Silica are rcscrved for latcr

scctions of the report,

Alon

The first of the fillcys which gave outstanding results
wvas ..lon, Dctails of the charactcristies of Alon may be
fourd in Table IV, ! couplicating fuctor 1is thc fact
that Alon tends to destroy or inactivatc a substantial
portion of thc benzoyl peroxide, Thus it is gcnerally
neccssary to add about twulec as much benzoyl pcro:idc when
Alon is uscd as when other reinforcing pigrcnts are uscd,
If this i5 nct donc, very soft vulcanizates will rcsult
andy in somc casecs, thc slabs will not curec at all. If
they do curc at all, long ovcn cures or high-tcmpcrature
oven curcs may causc rcversion, All of thesc difficulties
can lic corrccted by adding additional benzoyl peroxide,
With louv pcrecentages of benzoyl peroxide, very strctchy,
rubbery products arc formcd vith clongations as high as
1200-1400 pcicent and tensile strengths from 800-1000
Pesels As ulth most silicones, long, high-tcipcrature
oven curcs rcduce tcasile strength and clongation, but
in the prescnec of from threc to five percent of benzoyl
pcroxidc, tcnsilc strcugths of over 900 p.s.i. with clonga=-
tions of approximatcly 60C pcrcent can be obtaincd,

Examples of results obtained with Alon, showing thec cffects




TABLE X1V
ALOM _IN SE-76
(Oven Curc 1 hr. @ 300°F.)
Vols, Alon BP Tensile Elongation Hardness Strcss
per 100 SE=76 _ 3% p.s.i.. _.. % ... Shored. @NOOLE
5 1.4% 199 365 34
9 1.6 204 375 c
5 1.8 152 250 35
5 2.0 171 279 34
. 10 1.b 62 1050 29
10 1.6 62 525 32
10 1.8 L4169 392 32
10 2.0  43h 742 Q
10 3.0 362 L.00 el
, 15 2.0 560 1407 30
15 3,0 ok 1229 32
'_ (Oven Curc 8 hrs., € 300°F.)
15 2,40 726 1065 27 268
15 a.o 962 580 a7 539
15 4,0 838 387 2 002
15 5,0 592 350 48 s
20 2,5 12 975 25 66
| 20 P'O 488 1115 32 166
20 +e0 867 585 2 510
to| 20 5.0 811 00 52 10

»m——
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‘ of increasing Alon concentrations at constant amounts of
i[’ benzoyl peroxide, and ths effect of incrcasing cure and
i[ benzoyl poroxide at constant loading of Alon are shown in
Table XIV, facing this pagoe
i The unusual result when a 10-volume loading gives a

. higher elongation and lower harcness than a 5-volume loading

at 1«6 percent of benzoyl pa oxide is an indication of the

T side reaction of aAlon with peroxids. It is corrected by
adding additional poroxide. Underlined percentagos of
I bengoyl peroxide are thouso rocommended as sufficient to
. produce stable curose. In caseos where less was used, continued
f L curing caused reveraion.
k r For a time aftor theso rosults wore obtained in 1951,

| the Cabot Company temporarily abandoned ths manmufacture of

: !: Alon. Moro recently, thcy have again become interaested in it,
. and thero is a fair chanco that it will eventually become

E L commercially availableo. alon is troated with hydrochloric

acid in one of the final stagcs of its manufacture, followed

by high-temperature calcining to drivoe off tho excess acid,

moisture or aluminum chlorido. The final pH is about Sel.

As will appear later, furthoer calcining drives off more
acidic materials, and tho filior becomes less strongly
reinforcing (loses modulus) but imparts higher elongations
and higher tonsile stroengthse The affinity of Alon for the
silicone rubbor is cvident in tho high elongations obtained.

As an exarplo of what can bo accomplished with Alon




Oven Curc

= e -

Cycle curc to 480°F,

Nceipe
2422 .

N ~J
RNASIRS 9y
N MmO O

125(=50%)
82(£2k)

passcs

3303C
SPCCe.

LOOgmin,
1004min,
6CES
35#4nmin,

-20% max,
=207 ek,
-10 max,

A10)% max,

=107, mai,
=29, @nax,
A1C mazx,

lcss than 60

lowcr than

Recipec
2452,

100

(15 vol,) k9,2
L.,0

TABLE 3V
AMS. TESTS. ON ALON RKCIFES
Rceipe
1867-9
Unaged
Tensile,p.s.i. 769
Blongation,? 367
Hardness, Shore A 6%
mear-Resistance 118,5
: Agcd in A,3,T.M, 011 Fo, 1
; 70 hours @ 350°F,
Tcnsile,p.s.i. LL8( -k-27)
! Dlongation,;s 292(=~20)
{ Hardncss 55 (=9)
' Vol. Changc,? #3
!
{ Aged in Air
; 2L hours @ 450°F,
Tensilc,p.5.1. 580(=¢53)
t Elongation,% 167(-54%)
f Hardness 72(£3)
i Comprcssion Sct
| 22 hours @ 3500F,
; 4 of original decflcetion 93
|
4 Low-Temp. Brittlcness passes
Neelipe
1867-5
SE-76 100
Alon (20 vol.,) 73.6
Benzoyl Peroxide D%
Press Curc 15 min, ¢ 250°F,

15 min, @ 2800F'
24 hrs, C &

0°F .,
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in pnractical silicone recipes, the table on the onposite

page shows results obtained on twvo recipes compared with
the A8 3303C snecilication, These recipes do not meet
the specification iin all marticulary but certain noints
are vorthy of corment, In the first vlace, the uncged
tensile, elongation and tear-resistcenice speeifications

I are far o:ceeded by the two Alon recipes, Losses on aging

in A,8.T.lI, 0il llo, 1 or in air eciceed tie allowed pere-
centages, l!lowcver, the »roverties of tic aged rubber are
still higher after arming than the snhecification requires

| ! befoic aginge “hese two recipes contain no metal oxides

| which are wsuwally added to inpart low compression set,

| and thercrore they do rnot ncet the compression set require-
| ments, Yo effort was made to rovise these recipes so that
. they would neet the srecifications in all rcspocts, since

i Alon vas not nvnilable commercially.

‘ Eifect of Acid in Si=76 Recl

- -

r‘g
1]

An interesting oxperiment :rac carried out with the

e o B T
————d

additio: of beasovic acid or stearic acid to a recine con-

taining 100 parts of 5E=-76, 40 parts of Santocel C and
1,65 percent of benzoyl peroxide, The benzoic and stearic
aclds vere added in anounts of one an¢ tuo percent, and
the samplcs were all given a thoroush oven cure of 16

hours ot 4O0CF, The results clearly showed that these

organic arild« hrve a pcrmanent softening or denolymerizing

R e emm—— - —
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b action during the curing. They reduce tensile strength,
ll raise elong:ticn and 13:er the hardness, Denzoic acid
|| was less harnful than stcaric acid, probably because it

is5 volatilizad during tae cuve, Tuo percent of steeric
acld reduced tensile strength from 800 to 200 p,s,i,, and
hardness fron 40 to 3C,

This experiment is inportant because it shows clearly

that the btenzoic acid, whien is a bty-product of benzoyl

peroxide vulcanization, has a har:fuvl effect, /ippavently,
one should avoid adding any ccidic material to silicone
compounds. Oue of the hydrated aluminwn oxides sunplied

] by the Lluminum Conpany of Amesrica contained particles

1 of »igment wiich veic coated vith stearic acid, The harme-

ful effect of the acid w1as noted hare wlso,

Rate of Vulcanization and Post Curing

Y
-

s

An investication of the irate of vulcanization of

[ ]

silicone rubber compounds was undertaken, It had heen found

! in some corlier mrk that benzoyl Hero-iide decomnhoses very

ranidly at & tcmperatwe of 200°F, Thi:n indicates that

e e S
‘—' b

the primary vulcaniz«tion reactior of silicone rubber with

b} i benzoyl peroxide takes place in the press cure, vhich is
? ] usually carvied out for 15-30 minutes at 220°F, to 300°F .,
% ) j As a matter of fact, it is onl: natural to he careless

: o about the tiae and tempexcture of press curing becavse it

. is the common imrression that nost of the curing occurs




IABLE ZVI

PRESS CURING OF G. &, 81223 STOCK

| Physical Propcrt1032

.Elon- Hard-
Sanm- . Teasilec gatim ness
plc Time & Temp,=- Stress 3trength Per-  Shorc Comp.3
| No, of PressCurc ___ @ 2007 pes.i.__cent A___ Setd
| A 5 min., rise to 210°F., 308 743 375 3™ 25,0
B 10 min, risc to 230°F., 627 764 250 L7  37.%
| & 10 min, risc _tec 230°7, 652 oL 263 46 47,9

#£5 min, C 230°F.

D 10 min, risc to 230°F. 679 839 263 47 45,6
£10 nin., @ 230°F,

E 10 nmin, rise to 230°F, 710 932 250 L 46,2
il £A1% min, @ 230°r, Z i

i F 10 min. risc to 250°F, 641 91k 275 55 57,5
| A5 min. @ 250°F.

¢} 10 min, rise to 250°F, 675 763 025 56 5649
A10 min, Q 250°F,
H 10 min. risc to 250°F., 667 758 250 55 56,0
~ #15 min, € 25C°F,
| 1 15 min. risc to 300°F, 715 715 200 55 56,6
| /A5 min, © 300°F,

15 min. risc to 300°F., 675 575 200 55 58,5
#10 nmin, ¢ 300°F,

1 Taecrmomectcr vas nlaccd in platen to nicasurc tamncra=-
turcs.

2 p11 slabs, oven-curcd, using 48-hr, factory cyeclc up

to 480CF,, becforc mcasuring physical “roperties.,

3 Compression sct according to 1.S.T.M. D=395-49T
(Method B), 22 hours at 300°F,
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Stres
Sample Time & Temp, @
No. . _. of Oven Cure 200:7
A 1 hr.(300°F. 720
TB 8 hrs.C300°F, —_—
TC 8 hrs 300°F, £  ---
16 hrs. 009,
TD 8 hrs.t.3000F. ; i
16 hrs. +50°F,
TE 8 hre,(300%F, £ ---
2 nrs.e350CF, £
16 hrs.Chocor, £
8 hrs.C48C°r,
TF 8 hrs.(300° .4 —_—

8 hrs, L4BO°F,
5 hrs. 400-500"F, £
2 hrs.C500°T,

-

.....

Physical Properties

lpress cure 10 min. rise to 230° £ 15 minutes € 230°F,

s Tensile 3lon- lard- 5
Strength gation ness Comp,
PoS.il. __ Percent Shore A Set 3

720 200 53 82

663 175 55 80.6
642 179 59 559
607 163 51 62,0
355 125 52 65,0
500 150 55 554

2Compression set according to *.3.T.li, D=395-L9T (liethod 2),
22 hrs. ¢ 300°F,

* r—
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TABLE XVIX
OVZ CURING OF GENFRAI TLECTRIC 81223

Physical Properties

Stress Tensile TElon- Hard

Sample Time & Temn, ¢ Strength gation ness- Comp,
Ho. ._. of Oven Cure 200% __ D.Sei. .. Percent Shore A Set %
SA 1 hr,C300°F. 560 865 275 50 64,3
SB 8 hrs, 300°F, 70k 933 225 i) 58.3
sC G olimn L e00T, 729 786 238 55 52.3
16 hrs.“hOOOF
SD 8 hrs.@300°F, /4 658 726 225 52 52.1
16 hrs .\_’*1'5001-‘
SE 8 hrs.C300°F 637 6¢o 238 49 59.9
2 hI‘S o\.3&
16 hrs.C oo°F /
S hrs . OO,
SF 8 hrs.L3oo°r 673 635 213 50 50,3

4
2 h100L350 ! Il
36 *ra .\_)"‘OOOF ’
3 hrs. %80 P4
5 hrs .\_’*i-OOB"OOOF 4
2 hrs.(500°F,

- e e e e @ S W e W W M G W e = e M @ @ e ez @ e m E e e S wm o e

1l
Press-cure 10 min., rise to 230° £ 15 minutes € 230°F,

2Cornpression set accordinz to A.5.T.li, D=-395-L9T (Method B),

22 hrs, ¢ 3000F,

T e e s e g
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}
| PRESS CURES LEGEND
l A 5* RISE TO 210°F.
| o TENSILE
| C 10' RISE TO £30°F+6' @ 230°F
i ELONGATION
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62.
i I’ during the long ovcn cure at temperatures of 300° = woo«r,
| If,y hovever, the primary vmlcanization reaction takes
‘[‘ place in the press, grccter care should be tcken wuith
. the time and temnérature of such cures,
! ! In order to nrove this point, a completely mixed
1 conpound, General Llectric 81223, was divided into several
. portions, cach of uhich was piven a slightly differcnt

press cure, After the press cure, all slais verc given

a common oven cure, Another portion of the samc stock

! wvas divided into several portions and all were given the
™ same press cure and then were given progressively longer
oven cures, The data are shown in Tables XVI and X(VII
and in Figures II and IV,

VWiith rcgard to the press curing studry, it was found

i that a press cure consisting of a 10 minute rise to 230°F.,
,I- with or withovt an additional 5 minutes at 23OOF.,produced
; a thoroughly cured vulcanizate., In this study, 15 minutes
. []: at 230°F. produced the maximum tensile, Curing for S
: i minutes at 250°F., rcsulted in a stock which did not change
? ‘l! further as time or temverature was raised. It vas interes-
{ | ting to note that minimum time and temverature in press

—]

gave the best comnression set resistance and also resulted
in slightly softer compounds, Gince comnpression set

resistance is usually one of the desired properties of

silicone rubber, it apncars that press cures should be

limited as much as nossible,
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63.

The data obtained on nregressively longer and
hig her-temperature oven cures showed that the waimum
tensile strength was achieved in eight hours at 3OOOF.
From this noint on, the tensile strengths vcre lover,
A lou comoression set was reached vith eight hours a*
300%F, plus 16 hours at YOOPF, (This compression set
test wcs run % 30001, It is likely that an even nigher
temperature of curing would be desirable [or conpression
sets viiich mizht be run at 350°F.) Tables and charts
facing this o1:¢ eonitoin the data,

irove ork uas done later on the press curing temner-
ature of 81223 aund vas reported in Neport lo, 13, It nas
found that press cures of 10 minutes at 210°F, vere as
satisfactory as thosc carricd out for 1O minutes at
230°F., and orovided sligntly bLettexr compression set
resistance, Dased o these and other data to ve renorted
later, e feel that there is no reason to carry out press
cures with Lenzoyl ncroxide for rniore than 1C minutes at

2109F,, and this is our recommended procedwrec,

Preneatins Pigrents with Silicone Ruhber

An interesting development liich has nractical
significance for siliccne rubter manufacturers or come=
pounders weas revorted in Report lio, 9 under the subject,
"Preheatiing rilgment liaster Datches", It wvill be reca.led

(page 59) that Alon wves found %o renct vith and render
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inactive a substantial proportim of the Menzoyl pecrroxide
added to the mixture., In one experinent, benzoyl peroxide
was omittcd, and the rvober vas mixed vwith Aloa and heated
before benzoyl nerovide vwrs added, It had been eixnected
that this night tend to denolylierize the rutber to sone
extent hecause of thr sliehtly ccidic surfoce of the Alon,
Lfter the benzoyl peroxide vas added end cures uvere nmade
and tcsts obtuined, it wan found that 2 d-finitely stiffer,
stronpger cortound had rosnited,

breheating <operinents in the abscnce of benzoyl
peroxide were tiien corricd out on a large number of Alon
mixcs and on wixes containing other pizments, In the case
of Alon, 1t uvas found thot the wreiecating treatuent caused
the rubbar to :ret the Alon very thoroughly, cauzed sone
vclatilization of lov-molecular-ueight siliconc rubber
and genevally raised the nedulus, hardness and tensile
strensgth of the nrch:ated compound, It as found that
approximatecly one thivd of the benzoyl »eroxide uvsually
necescary it flon could bLe elimimited, Dota illustrating
this remarkable effzct are shown in Table (I, Tacing
this poages It will be noted in this table that as the
volume loading of “lon is incracsed from 5 to 20, it is
necessary to adad rorc and morc nenzoyl weroxide, doucver,
in the mixiwes vhich tiere preheated for one howr at 300°F,,
much less benzoyl neroxicde was nccessary to reach a given

statc of cure than for those baieches vhich werc not

11
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| precheated,

In Table IZ{ facing this pagn, the effect of the one
0 . :
hour at 300°F, prcheating treatmcent ujon nhysical tests
obtainecd vith five other rainforcing acents is shown,

The prchecating treatment is shoun to have a beneficial

B I

effcet as far as reinforecencnt is concerned uith IHi-Sil,

Santocel C, Titanox RAIIC and Celite Super IMloss, ''ith

Uitcarl I, therc anpcared to be no bencficial effect,
Summarizing the advantnzcs of this refinement on the

mixine process, ‘'t may te said that prehecating promotes

| evaporation of low-molecular-ucight silicone oils which

' arc of little value in the final product, TPrehecating,

| therefore, cavses a reducition In shrinl'age during oven

curinzg. 2rchcatinz nmeles it rossible to reduce the benzoyl

{

L peroxide concentration and rcsults in higher tensile
strenzth and higher nodunlus stocks. “here was sone indi-

’ | cation thati »relcating resvlted in a sligat iuprovenent

: | in compression set reolstance, A study of different times

and tenperaturcs of preheating indicated taat thore vas

little to he galned by increasiing the time of prchcating
beyond one hour at 300°F.

Moisture on Iillers
During the study of the advantages of preheating,

1t was sugrested tnal »nart of the bencfits right come from

removal of surface moisturc on the »Hisments duvring the

L s el 3 SR S PR
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I 66

[‘ preheating treatment, It vas therefore aceiued to study
the effect of direct rcmoval of moisture on the surface
of pigments to see if any improvement in reinforcement

would bc obtained, In order to accomplish this, a sample

.

of GSantocel, vhich is very hygroscopic, and a sanrle of
Llon were exwvosed for twenty-four hours to saturated vater
vapor at room tcmperature, They vere then heated for

sevcral howrs at several different tempecratures to remove

e t—

water to a varying degree, The samples were then tested
in 3B=76 rubber, as shown in Table X(I and Figurc V, fac-
ing this page, and in Table XXII and Figurc VI facing the
next pags.

With Santocel C, the heating caused the pigment to
lose as much as & percent in weight, and the pigment
surface became more alkaline, reaching a pH of 8.2,
Reinforcement vvas increasced by all of the heating periods
up to and including threc hours at 1000°F, At tcupcratures
if! above 1000°F,, the pigment sintcred and lost most of its
reinforcing qualities,

The Alon sanmnple lost moisture up to 10,19 pcrcent,
and its pH increased to 7,85. Reinforcement, as measured

by the increascd modulus, increased up to a period of

heating of three hours at 500°F, It was intcresting to
note that hcating Alon at 1500° and 17009F, brought it
far over on the alkaline side and although it was then

less strongly reinfereing, it gave tha highest tensile

et W - =T TSI .
;
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{' strengths. Since flon is produced by an acid process
% involving hydrochloric acid and the last step in its
l preparation is the rernoval of this acid by hecting, it

i appears that an cven greatecr amount of hcating of the
Alon riight be bencficial if it is to be uscd to wroduce
| high-strcngth silicone rubber,

In scvcral other miscellaneous cxperiments where

various vigments werc heated for 16 hours at 500°F, in

e Sy et e = e e e e
-

= order to remove all traccs of water from their surfaccs,

improved rcinforccrncnt vas obtained in sc¢veral cases and
{ T notably in one casc, Titanox RAIC, Ve feel that surfece

noisturc is undesirable but that the prehcating trcatment

[ 2
L]

of rubber and pigment togcther has other advantages in

]. addition to removing moisture on the surface of the pigment,

pH of Surface of Rcinforcing Fillers

L Because Alon and Santocel C are both slightly acidie,
[]e it was thought that the acidity or alkalinity of the sur-
g face of a pigment might show some relationship to its

reinforcing value., In ordcr to investigate this matter,

Alon, Santocel C amd titanium dioxide were treated with
hydrogen chloride gas, on the one hand, and with ammonia
gas,y on the other, The exccss gas was rcmoved in various
ways: by hcating at varying temperatures and by heating

in vacuum, The pH of the trcated plgment was determined

by suspending 0.5 gram quantitics of the pigment in 100 cc.
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of water and determining the pH of the suspension,
Intercsting rcesults vere obtained which are showun graphi-
cally in Figwres VII, VIII, IX and X, facing this page,

With Alon maximum reinforcement appcars to be obtained
at a pHl of anproximately 5.5, vith modulus and hardness
falling off on eithcr side of this point., The elongation
is a ninimum at this point, indicatin; that cither ocidic
or alkaline surfaces of Alon rc¢sult in higher ¢longation
test rcsults,

YWith Santocel Cy the range at which good reinforcement
is obtainca is broader than with Alon and cxtends from a
pH of approximately 3 to &, Excess acid on the lov pH
side or uxcess alkali oa the high pil sidc causcs all
propcrties to fall off, This broadci range of utility
with 3cntocel C may be cssoclated with the hich abcorptive
nature oi this nigment, 1t is possible that S>ntocel C
has capacity to absorb and rendcr harmless a considerable
quantity of acid or alkali,

The results with titanium dioxlidc verc less conclusive
than thosc uith Alon and Santocel C, 1t cpwcars from the
data that titanium dioxide uith a pH botucen 6 and b will

give satisfactory recinforcement,

Coatinz Piencnts uith Silicone 0ils to Improve Reinforcement

- - - - e— -

York has alrecacdy becn rcvicwed on carly attenpis to

imgreve reinforecnment obiaincd uwith fillers in SE-79 rubber

-_— e e p———
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69.

by coating them with silicone oils, Very little benaficlal
effcet was notcd, It scemed wisc to investigate again

l the possibility that silicone oils placed in intimate con-

tact vith pigments might improve the bond obtained betwecn
filler and rubber, Ior the nurpose, Sentocel C ras sclcee-
ted for prclininary work bccause it is known to possess

a considcrable norc structure; thus large amounts of oil

could bc added to tihc pignent, The technigue uscd vas to

[ e e |

dry thc pnigmeab by neating for scveral hours at 500°F.

to rcrnove tiz moisture, The sclceted amount of oil was

=

dissolved In carbon tetrachloriac and added to the pigment,
1 r Carbon tctrachloride rcduces the viscosity of the silicone
| oil solution so that it c~an nenctratc and coat thc fine

] particles casilr, The carbhon tcetracnloride was cvaporated
2 in an oven at 200°F, Table :XIIl, facing this wnage,

shous the results of a study of various amounts of oils

on Santocel C in 20-volwi: loadings in SE=76, Most of the
work was douec rith General Electric 9981LT<+ silicone oil,
,i . It vas obscrved that as the amount of oil on the surface

of thc nigment was inercased un to 100 peor cent by veight,

R

the modulus and hardicss decercased while the clongation

and tensilc strengti inercasced, This appcars to be true
for oven curcs of onc how at 3009F,, or 16 hours ot 480°F,
Prccavtions were taken to increase the benzoyl peroxide

in Hroportion to the additional silicone matcrial orescnt

in the recipe, Furtiermorc, thc amount of rubbcr uas

- e
e
aad e i i —— G g
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decrcascd as the silicone oil =as increcased, so that the
20-volumc loading of Santocel C remaincd constant, bascd
on the total amount of silicone matcrial prcscnt,

Armonia-stabilized liquid gum was vsced in the same
manncr as the zciliconc oil, Tnis material wvas fowd to
rcsult in an inercase in nodulns and hardnecss as the per=-
cenitage ‘!1as inercased,

ilhen the fencral Tlectrie 72981LT-L o0il was uscd with
Hi-51), Spheron € and Titanox RLICy the effects ucre much
less anpar.ot, indicating that the canccity of the Santocel
C for absorting the o0il hazs a lot to do uith the results
nhtalncad,

It ias concludcd that coumounds made vith Santoecel C
could He nocdificd coansiderably uith thce usce of this tech-
nique,

Tie Linde Adr Products Comnany has oroposcd the use
of alkyl Lrichloros:iluncs c.s coating noterials for »nigments,
After the addition of cilane to the oigment it is zxposed
to uatcr veor thich hydrolyzes the chlorine atons, amd
thc silanols are condensed to forrm a siloxanc coating on
the surfacc of the nigment, This trcatment vas tried
vith ucthyl trichlorosilanc, vinyl trichlorosilanc and
dimcthyl dichlorosilane on the surface of Santocecl C,
Titarca RA'C, Ccliite 6CO and soheron 6. Tn all but one

of th

o]

sc cascesy no cutstanding improvemenés were ovscrvead

over the :aormal reinforcencnt afforded by the uncoated
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pigment. The cxceptlon vas Spheron €, in which casc a
vinyl siloxanc coating secmed to increasc the stiffncss,
hardness and tcnsile strcngth of the compound in which

the coated carbon black wvas used, The maximum tcnsile
strength was 100 p.s.i, Turthcr wvork might vcry profitably

be done with carbon black and siloxanec coatings,

In conncction with the vork on GS199S Silica, it was
found desirable to mcasurc the nolccular vcight of the
ST=76 th~t vas beiwve used with the GS199S Silica. A careful
study vns made of all of the smples of S2=70 subber vhich
o hoon o dualore bhe oo™ Gl ol e, WESESE
molccular weishts of these samplcs rere arrived at by detcr-
mining the limiting solution viscosity at infiritc dilution,
The usce of this rosult in the stauwdinger cquation rclating
viscosity «nd nol:ccular veight cnabled us to arrive at
the molccular ucights of the wvarious ruvbbers, in doing
this, assistancc vas gained from work donc by lory and
his collaborators, which provided valucs for thc constants
in the stavdinger cauation, Thrcec parcs reporting this

work arc reproduced hcre from Report o, 13,

Not: on Molccular 'ieipnt of Siliconc folymers

"Molecular ucights of thc various batchcs of 33=-76

polvmer wcre deternincd from viscosity data of dilute

e

e = - o et o a—
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solutions, using thc mcthod used by Flory ct al Ly,

"Dilute solutions of cach nolymer vcre made at
scveral concentrations in methyl cthyl ketone, Thelr
viscosity was determincd at 26°C., using 2 standard Ostwald
viscomctery and valucs for {H;t ;K at 26°C. werc dctermined
for infinite dllution Ly cxtranolztion,

"These data ucrce then applizd to the Stavdinger
cquations

(bJ = G (1)
vhere M is tiie roleculsr welsgit, ant ¥ and a arc constants
for 2 ~iven 52lyr: v - solvent system at onc temoveraturce,

"In order to find the valucs of thesc constants, the
data of I"lery ct al (1) .re uscd, ©Flory d-tcrmincd the
limiting viscosity,[}b] 1Ty valucs for polydinmcthylsiloxans
fractions of !moun usmomctric moleculer veights ot 200
and 30°C, in methvl ot yl koetone., TFrom a plot of cq.(l)

in the form:

log ﬁhj = log K # a log U (2)
the constants X and a werc detcrmined for 20° and 30° C,
"Flory's data for [ ;) ilK at 200 amd 30°C, wcre re-
plottcd using thc frhecnius equation:
(-,,).Ae:-a/'r (3)
to obtain valurs of lajat 26°9¢, for thc fractions of knovm

osmone¢tric molyculr wulght. a third plot of uquation (2)

(1) Flory, P.J., ct al, J.An.Chcm,Soc, 7h,336% (1952) ’
5
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1s thon mado to wlve constonts K and a it 26°C. Valucs of

M fron’ our data at 26°Ce could thoun cithur be ruad off tho
Plot or ¢ deculat.d with the 26° constantse.

"Values for tic Stauwlingcr cquation constents for

polydimethylsiloxcne in methyl cthyl ketone are as follows:

TABL ooV

STAUDIICTN [QUATION COSIANTS FAO0H FLORY 'S, DATA
Tenp,°C. 2103 | dog K. e .
20° C.C0 3,059 0,50
26° J.65 =3.175 0.52
300 O.S i "3-’25"5 00‘51*'

"The averaze nolccular -clights of the various batches
of 7D=76 from the limitiag viscosity at 26°C, arc given

beclovs

ATy
A aplMed _-w,:y‘

AVIRAGS HOLTCULATY DoiIGIITS, FRCM VISCOM IINRIC DATA

_.Batch No. _. eyl oL IEK 26°C Molccular Yeight
81339 C.820 40,000
L4B.5946 0,760 750,000
8825 0.750 710,000
B.l=2500 0,532 712,000
B=-715% 0,615 uu3 000
11317(as rcecd) C.53% h°3 000
Froactionated sanples

11317(high frOﬁtg 0.715 643,000
11317(mcdiwa " ) 0.568 MOS 000
11317{1cx, ") 0,522 352, OOO )
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The effeet of the average molecular veights given
in the above table on the nhysical propcrtics obtained
with the respectivc rubbers is of considerable interest.
Wle first became conscious of the veriaticn when, after
having uscd ntatch llo, B=59%6 for scvcral months, ve were

suddcaly coafrontce vith Batch jo, 11317,

8E=76 of Varying Molecular Weight with “cntoccl G

-

As given in Table UV, the avcrage molececular welghts
of various batches of 30-76 variced froi: 433,000 to 840,000,
Batch Mo, L=5¢%6, uith vhich most of our work in 1951 and
carly 1952 vaes carried out, had an averoge molcecular
weight of 730,000, while Batch ilo. 11317, vhich vas uscd
during thc lattecr part of 1952, had tic loucst average
moleccular veizght, H33,000. This is «bouvt fifty pcreent
loucr and vas a deliberatc chanze in t:c polymec:r to lupart
bctter plasticity or vorkahility to siliconc compounds,

There is no srcot verioction in oropcrties of a standard
15-volumec %antoccl C stock, cured uith beazoyl pcroxidc;
as the molccular wcignt of thc gum is changed, Dota arc
given in Teble XVI, “longction and lou hardncse appear
to be prcscrved during high-tempceraturce curces in tihe lover
molccular vicignt gum.

The only batch of rubbcr in Tablc IXVI which a»pcars
diffcrcat from the others is o, 11317, Upon chceking
with the susplicr, wc lcarned that this batch was indccd
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75.

on the loucr linit of their viscosity spccification., The
supplicr clains that therc is little cffeet of the molceular
vcight of the rubbcr ujon the tensilc strcngth proncrties
above 2 molceular vcight of 300,000, It scems quite nos=
sible thet Bateh To, 11317 contained a substantlal »ortion
of rubbcr of molccular wcight lcss than 300,000, As will

bec scen below, the molecudar vcight of tihe rubber plays

a morc immortant nart in rcelncs coatalaing GS19¢5 Siliea,

S3=76 of Varying Molceular lcipht with G51995 3ilies

G31293 Silica will b discerescd in grcater detnil
in thc scetion te follow, The cffcet of the molccular
veight of the rubber unon tihwy tensile streonzth nroaertics
obtained with 68199 vwill, howcver, be discussed herc,

As uill be shoun later, benzoyl perozidc mey he omitted
comnlcticly from rceipes containing ©8199% as a filler,

In oth:» ovds, the GS1993 has the propcrty of vulcanizing
the rvbber as +ell as rcinforeing it, In thc rccipcs on
which data arc »resented in Tables J2VII, (HVIIT and ZXIX
and Figure I, no benzoyl n-roxide was usac, ‘Tith G31998
Silica rcinforccment and curc, better tensile streagth

is oht-incd ith hisgher molcculer wcicht nolyner,

It was found {(Rcport o, 12) that tensile strengths
of ovz» 10C0 p.s.is could not be obtaincd with Dateh No,
11317 gum, whercas tensilec strongths of almost 2000 p.s,i.
had been obtained with Batceh ilo, 5O46. This was traccd

- T e S SR T S - s e
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76,

to the diffcrenece in average riolccular vwelghts and led to
cvaluation of GS1990S <ilien curing from this standpoint,

Table :ZVII rives Cata on o batch of the 11317 gum
which was scparatced by sclvewt nrccipitation into thrce
diffcrent molzculer veight fractions, uilch averaged 350,000,
410,000 and 640,000, Curcs of tic froctions show the
higzhcst tensile strcogth in thce casc of tihc hirhest
molccular ucight fraction, and littlc <ffcct on other
nhysical propertics czéent thwd the highest froction was
also morc stablc at the L-009%F, curin- tcmperatiwre,

Tables 2 VIII and TI.. conta’n data for o ccrics
of curcs vitia 15 amd 25 volw:i~s of C5 %ilice in five dif-
friont batches of S3-76, Thesc hateincs verc uscd, as
rcecived, and their avarage moleccular vcights were doter-
nincd by the viscosity nctinnd s pircviorsly dceseribed
(pagc 7). Avcioge rolceular vcights vaingcd fronm h}0,000
for Bateh lio, 11317 to 73G,C00 for latech o, =945,

it 15 volumcs of 68 Silica (Toble IZIL), the bes
rcinforecncat occurscd with Lateh No, B=4Gh6 of 73C,000
riolceular cignt,

A1l of tho availoble boteles of 8 1=76 werc coapounded
vith 25 volumcs of (S1995 ,ilien, the data being given
in Tablc 2VIII and orcsented renhically in Figure T,
There arce scveral iatcrcesting points cvident from
inspceciion of thc data and granh, There is a definite

incrcasc in tcnsilc strength as molceular uwcight inercascs,
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17,

i.c.y frrom 200-300 p.s.i. at 1+3o;ooo molcculer ucight to
1000-1750 p.s.i. at 700,000 molccular vecight, This occurs
with either a 3000 or 40O0°F, cnre, although the result is
morc cesily dctceted at the lovucr temperaturc of curc,
This accounts Tor thc failurce to nroducec high-tcnsilce-
strenzth G3199. Silica stocl:is with the rcgulerly aveilablo,
lou-tolcecular=vcight varicty of 30-76, Tigure XI shows
that as gum molceular tcight incrcascs, tiac tcnsile strength
plot indicictes the biggest inercasc, vith a slizht cffcet
obscrvable in clongation improverent, Otiicr nropcrtics
arc not changcd anprceiably,

Thesc Gate show that 3B-76 rubbcr; to bc most cifcetive
in compounding vith GS Silica, should bc of about 700,000
averagc molccular weight, or more, This grade of »olymer
shows vctter tensile strength than the nrcrently favored,
loucr viscosity t¥ync currcntly sold by the Ccner:zl Zlcctric
Conpany., 1t is irceongnizcd that softer, lovcr molcecular
vcight gum is casicr to mill and casicr to "frocihcn" by

millirg aftcr having been 1iizcid and aged,

Dubont GS51998 gilica as o Ncinforecing Agent

DuPont 31998 ‘Fisdronhobic Silica vas brouzht to our
attcation late 1 1951, The Hropcertics of this matcerial
arc ziven in Table {II and in morc dectail below, It had
alrcady becen cxtensivcely cvaluatced by DuPont as an inor-

rolce thickening agent for oils to make lubricating grceascs.

P 7. .:“1;,'“
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78.

The atructure of the pigment has not yet been revealed.
The product information sheet put out by Grasselli
Chemicals Department, Z.I. du Pont de Nemours & Company,Inc.
stated that GS199S Silica has the following properties:
le. Extremely small ultimate particle size
2. High specific surface area
3. Pronounced hydrophobic and organophilic prcperties
L. Zase of dispoersion in organic systems with
conventional milling procedures
5« Low bulk density
Other obvious characteristics may be listed:
6. An organic constituent to the extent of
approximately 15 percent which is removable by heating
in air at L80°F.
7+ A pronounced capacity for taking up static
charges
Other properties disclosed by DuPont include the following:
le Surface area by nitrogen absorption 250-300 ma/g-

2. Bulk density 7 1be/cu ft.,
average
3¢ 510, 8,-86%

e pH in 50-50 methanol-water mixture 7.5-9.5

S« Physical form of silica Amorphous

It was also revealed that the pigment is chemically
stable at ordinary temm ~atures except in the presence of
alkalies and hydrogen fluoride. It is subject to attack
by oxygen above 200°Fe, with loss of its hydrophobic
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Plate 8

! 1 Micron -

M&go X 72, 600

Sample No. E-1 Date: 11/29/51
Negative No«2997D Paper: F=-2
Magnification: 6600 Stopy 1l

Enl arged: 11.0 Exposure: 20 sec.

Romarks: GS199S Pigment on Collodion (Spark dispersed)
Smallest particles 0e006-001hsx

Agglomoerates 1.0 x 240 o
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Plate 9

1l Micron

Mage x 142,100

: Sample Noe E-5 Date: 1/10/52
Negative Nos 3073C Puaper; F-3
Magnification: 2C, 300 Stop: 11

gnlarged: 70 Ixposure: 30 sece.

Remarks: Santocel C
| Shadow)

Small particles 0.005-0.Cl5.4+ Shows Aerogol
structure G.CL~0.L0 4 poras.

on collodlon (Spark dispersed,Pd.
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LECTRON MICROGRAPH OF SANTOCEL-C PIGMENT
142,000 X
PLATE 9
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Plate 10

1 Micron

Mag- X L;6,2OO

Sample Nos E=-6 Date: 2/1/52
Negative ¥oe 3141C Paper: FPF=-2
Enlargod: 7.0 Stop: 8
Magnification: 66C0 gxposure: 20 soc.

Remarks: GS1998 in Sik=76 (15 vol. cure 1 hr.®@ 300°F.)
Section, Methacrylats Removed, Pd.Shadow.
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ELECTRON MICROGRAPH OF GS-199S PIGMENT IN SE-76
46,200 X
PLATE 10
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' propcrtics,

It was also claimcd that 651998 Silica has a strong

=

rcinforcing eoffcet in natural rubber and in standard GR=-S,

(|1 Cold GR=-S and Mcoprcnc Gil,

0 Particlc diamctcer of the ultimate aarticlc of GS199S
Silica 1is approximatcly 0,01 microns, This is nct grcatly

| diffcront from that of Sontoecl C. Onc of the fi-st fca-

turcs of GS199S Silica wvas thet it could be incorporat-d

. in siliconc rubber to the ¢xtent of 50 volumcs ncr hundrcd
of rutber, Such hirh loadings would not bc very oractical
but may bc courarcd uith Santoccl C4 for cxamplec, with

ii vhich 27.5 volumcs is thc maximum loading, cven though the
{ ultimatc particlc sizcs arc practicelly identical,

! It must bec assumcd that the orgenic coating on G3199S

I
g]- Silica tecmporarily prevents nenctrotion of the liquid
siliconc rubber inte porcs of the filler., This occurs
l fairly rapidly in the easc of Sentocecl C, In both cascs,
a structurc is formed as tiic liquid silicone rubber is
absorbed by thc porous silica filler, but dcvelopment of

this structurc is rctardcd in thc casc of GS1993, so larger

volwic loadings can be incorporatcd, Repecated milliag
brcaks doun tiic structure <ffcect and tends to restore
plasticity, It is our fccling at this timc thet a 29-volume
loading is »probably the nmaximum that is likely to e uscd
commercially with GS1993, as comparcd vith anprozimately

16 volumcs, ordinarily considcrcd the maximum vith Santocel Ce




80.

Thc tablc on thc oppositc pagc shou's the ragaitudce
l of thc physical nropcrtics that can bc obtaincd with G3199S
Silica in $3-76 »ubbcr. Thcse tests were obtained in the
prcscnec of variablc vcnzoyl »croxidc, Thcy shou that
thc concentration of benzoyl peroxide has little cffcet

on thc hardacss or modulus, cgrnceinlly aftc °h hours at

4O00%F, Bcazoyl peroxidec has & slizhitly adversce cffcet
= on corpression sct, Full curcs at 4009F, anpcar to bce
f r impractical "rith 29 volumcs of GS19¢5 = the compounds
stiffen and harden too much,
é i: Tac toable shous the highest tensile strengths that
wc hacd cver scen with silicoic rubber at the time that
_l‘ they rerc measurcd, Unfortunatcly, hish tceansilec strcngth,
hcat rcsistance and comdrcssion sct resistoince do not
scem to be obteinable in onc and the s~mc slab,
} 1 It scemed obvious that thce benzoyl ncroxidc uscd in

] the reeipes - in Table XXX was doing no good whatsocver,

!
J llhen it was rcmoved, it was found that curlag occurred in

its abscnce, In the abscince of benzoyl peroxidc, oztinunm
tensilc strength is not rcachcd in a onc-hour ovcn curc
at 300°F., as occurs when it is nrescnt., The maximum

tensilc strength is rcachcd in cbout 16 to 2% hours at

300%F,, or in 2 to 6 hours at 400°F, Curing at 400° or
480°%F, heordens and stiffcns the GS1993 rceipes at a much

fastcr ratc than it docs rceincs not containing G5199S,
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but the benzoyl pcrosiidc nlays no important rolc,

The following nages of this report arc devoted to

GS1993 compounding 2nd tic cffcet of vorying conccntration,

time and tompcratwrce of curecy nolecoulexr weight of the
rubber, ncthols of miring, cte,

Llcetron microgsranhs of G510¢, rescmble thos: taken

] of Gsntoccl C, Tie ultimetc porticles arc of axnrozdimatcely
] the somc sizey G,01 nicrons, bvt the azgregatcs of Sentocel

C ar

O

slightl+ larger, The sirilarity of the tuo nigments

stons hcrey for Santoeel € 15 dcfinitely hydrophilie
whilc GG1S%3 is hydrowhobic,

Elcctron mierograpns of GS1993, 3gntoccl C and
1 GS199S in 53Z-75 rubber, foec this pages Thesc show the

particulatc structwc of the fillers, thce largc porous

| aggrceatss and tihc w2y the rusher nenctrates and surrounds

the GS199S in a 15-volunc rceipe,

1 The organic cocting in G517935 vas siown to be csscne
L ?
: i tially bntyl aleohol, It con e rerovea, intact,

dissolving thc silico substratc in 3N sodium hycroiide,

This was @ouac, 2ad wositive idcntificatio~ of at lcnst
onc half of thc conting ves nmadc, 1% was found to Dc nore
mal butyl alcorol, The ccoting 1s cxidizalblce upon heating

in air but i3 not remevzd by heating at 450°7, in vacuo

ol

(4 ncrecent weight loss undcer thesc conditions), It appzars
that the coating is cincmically bhoxizd to the silica,

It may be surmiscd that nartial raioval of the

]
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chemically bonded coating during oven curing of silicone
GS1995 nixtures 1is connected in some way with the develop=-
nent of wvulcanizction bonds. The mechaenism ty vhich this
vulecaniz-tion may occur has not been gorked out,

In leport Mo, 12, the results of over a hunired tests
in vhich GG199S ir2s uscd as the cvring agent, were reported,
These could be divided into two nain grouns, those in which
high molecular wreight rubber for Batch o, 5S46 was used
and those in uhich softer, lower molecular weight rubber
for Dateh lc, 11217 uas used, The effect of the nolecular
wel: bt of ti.c rubber has been discussed nreviously,

Fror the tubles in Tleport Mo, 12, we find thet the
vulca:nizin~ action is too dilvte vhen less than 10 volumes
of GS1995 Silice is prccent aird too concentr-ted vaen nore
than 30 volumes is oresent., Mazimum tensii- strengtn
appears to Le obtained at 20 to 29 volune loading. Since
the filler %s also scrving as curing apnent, it is difficult
to decidc uhether to avoid ovcrcuring by using 10 to 15
volumes of 031993 or to achicve naximum recinforccment by
using 20 to 2% volumes,

It will be shoun leter that the overcuring tendency
is not strong 2t 300°F. T2sts carried out vith a relatively
short curc at 300°F, arc best, thereforc, Zor an ciaimnine
ation of ti:c offect of thc volwie loading of GS199S silica,

The tasts shoun in the table helow vere obtained ilith a
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h<hour curc at 3009F, These vulcanizates may be con-
sidecred fully cured, s optirum tensile strengths are

generally reacned in this pyeriod,

pFI"‘C" O YOLUI=S LOMDIG COF G 1993 Il Sh=76%
110 BEI'ZOVL PTROXIDE - 24 M3, 5T 3009%,
Vol, Per Stress@ Strcss@ Tensile Zlong, Hardnes
100 of 87=76 2007  MOO7  n.s.ie 3 3hora A
5 23 ;0 32 LG43 11
10O &1 L.a 547 MLt 26
15(»V.: tecats) 180 10 1556 230 L7
25(aV, bk t:3ts) 2952 150 1640 gl g Y]

*Tatch B=59%46

e high tensilc ctrengthh of CG31995 wvulcanizates
such as thosc 1n the table chove care the oroduct of ioder-
atc stiffness and high elongation, %Yo this extent, G61995
rcsembles flon wiilceh iiparts similar stresse-strain Hroper-
ties., The stress-strein curve of GS19C05 conpounds is
peculiar in that there is a hwap ncar the origin, charace
terized by hich indticl stress at lov elongations, This
Tstructure" irregulerity is rcrioved vhen tost strips are
stresscd once or tuice tefore deing tested to break,
Ultimate tensilc streongth and clongation arc not changed
much by suci trcatment, although the stress-strain curve
1s 1o'zcrcd genzially at lov cxtensions, 1o cxplanation
of this irrcgularity can be offcrecd at this time,

dgher volune loadings of GS1995 le=ad to the formation

O N S g
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of nlasticlike slabs, These tend to be brittle, if cured
at high terneratures, The ma:xinum volume loading that
was rcached on the laboratory nill was 52,9 volumes per

hundred of ruhler.

High-Temnerature Pronertiecs uith GS1999 Silica

Due to the nersistent curing action of G319¢S Silica,
loss of tensile strength and elonjation, common in all
oven curing of silicone stocks, is uuch greater when these
contodn G31995 3ilica than when they do not, “'hen curing
or aging is linited to 300°F,, GS199S recipes cre fairly
stable., At the time that this centract 25 closed, ve
-:ere unable to prcevent rapid decay of tensile sirensth
and, eshecially, elongation during aip--tzder-ture ag-
ing or curing. “iuce the curing potentizl has been built
into tie vigment by its manufacturers vho have conbined
thereuith cn orgonic cecating removable not vt heot alone
but hy oxication nluz heat, it seens >robaile that the
cvring acticen may, with further study, be controlled,
tflhen this is done, strong, resilient cilicone rubber vill
result from the use of lou nercente-cs of the »nigment,
and very touzh, tightly cured, highly rcinforced com-
nounds will result ihen high loadin~s cre used., DNeta
in the following sczctions of this redort vill shou the

degree of overcuring commonly obtained with GS1995,
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85.

Rate of Cure of GS1°9S Silica Mixes

Tensile strength and elonsation data vere obtained
at 300°F,, 4OOCF,, 450°F, and 480°F, at various times
of cure on a 25-volume mix with GS1995 Silica in standard
SE=76 (about 430,000 molecular veighf). Ecuivalent
cures vere reached at approximately 50 ihours at 300°F,
and 6 hours at %00°F, At 450° and 480°F,, the equivalent
time vould hove been less than one hour but cures shori-
er than one howr were not attemnpted. The data are not
accurate enough for a determination of the ternmerature
coefficient,

The ruvbber used here uwas the low-molecular-weight
gum, Batch 11317. Tensile strengths of 800 to 1000
PeS.i. werc reached only by curing for 48 to 95 hours
at 300°F, or for 6 hours at 400°F, The lou-molecular-
veight rubber does not provide sufficient stiffness to
result in high teasile strength. At 300°F., there uas
very little tendency toirard overcuring. One might
conclude that at 3000F, the cured »droduct is reasonably
stable, although it is obviously still wicergoing
curing. Hovever, at 400°%, 450° or 430CF., there is no
question that the 25-volume loading of GS199S is rapid-
ly overcuring the product. The rates of cure at 300°
and hOOoF. arc easlly analyzed by looking at Figure XII.

As 1n benzoyl peroxide-cured silicone rubber, the

compression set does not egin to fall to a satisfactory

ik £ T e g, Hipl e ormy e P
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86.

level until the elongation has dronned far doun, It
is interesting to owserve that overcuring to a degree
leading to embrittlenent definitely does not occwr at
300°F, (up to 96 hours) but occurs quickly as the oven
temnerature is railsed, The data may be found in Table
GCIIIT and Figure XII,

In Table ZJUIII, the rate of cure of 10 ad 15 vol-
unie mixes at 480°F, can be folloued, Using elongation
as an inde: of cure for vant of & bectter one in this
case, te sec that a lO-volune nix required about 20
hours at 48C°F,, a 1Y-volunme nix reguired % hours, and
a 25-volume mix (Tahle :IZ.II) required about 2 hours
to drop to 100 »nerceat ec¢lonzation, Thus ot lover con-
centrations of (¢S1993 Silica, thc overcuring tendency
is diminishedj unfortunotely such nl:dngs are not ace-
quately »cinforced, Ilixtures of G519¢35 Silica vith
reinforcing pigments have been tried -:ith mixed success,

and further wvork is irndicated here,

Curing with Benzoyl Peroxide

It might be exnected that cross-linking of silicone
rubber reinforccd by G51997 Silica itn benzoyl neroxide
might stabilize the systern uith resvect to 480°F., curing.
Thercfore a study of wress and oven curing vith various

proportions of tenzoyl pcroxide was carricd out in an

atteunt to oveicoue high-temmerature brittleness,

— ——r = v P o -  —————————————
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87.

l.,Press Curing Data

Vaerlation of press curing terperature 'as cawried

— =N e e

out with 25=-volume G3199S silica stocks containing 0,5

and 2,0 percent benzoyl -e2roxide, Lore-nolecular-ucight

-+

gwi, Oaten 11317, was uscd., Data are ziven in Table III.IV,

-
[

With 0.9 percent peroxice, reinforcement was lovercd as

the 2ress curiaz tenacrature vas raiscd, Tha 381¢ was

. true using 2 percent aevoxide, as indicatczd by the modulus
i . ?

- datr, Thes: data zre comnarabl:z to those in Tobles XVI

aund XVIT, an¢ agzain suggast that peroide dcoceomnosition

~

nrodusts arc onarative ia depolynerizing the 3m=76 at

2 tiac hisgheor »ress temneratures, None of thesc variations

| o= |

scrvid to cep the 480C°F, cur-d slabs frow beeoming stiff

ﬁ and brittlc end tlicrzforce unsatisfactory,

2.0ven Curing Data

Tabhle XXV shous data on 4000 ai¢ 48097, ~ven curcs

of 15 and =5 volit.c GS 3ilica stocks -1ith varying
becnzoyl ncroxide, Tac 2oguliely availcble loucr molccular

uveight .3=76 siloxanc Holymer (Saten ITo, 11317) uas used,

The nurpose of this scrics of tests tas to deternine
the high=teupcratwrc curing propertics of the low-molccular-
wveight Dolimer vith G51995 Tilice plwwe ncroxide, Fiftcen-
volume stocizs withstanmd 4% hours et %00°F. without
bceoming brittle, lovcver, from the standpoint of tensile
strength, the l2-how curzs at 400°F. were suncrior,

viith 25 volunes of G3 Silica, the 12-hour curce it

i om sw mm om EE MR PP P

PP A WA B e
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4O0°F, is the only satisfactory onc, and all properties
suffer uith further curing. Other data shou that uith
benzoyl pcroxide present, the highest elongation and
tensile strength arc obtaincd in short cures, 1 hour at
300° or 400° F,, thecsc »roperties falling off fairly ranide
ly with furthecr curing. This is attributable to the

cffcet of the pigient, thc ultimate propertics being

indenendent of the concentr-tion of benzoyl peroxide,

-4

iffect of Milling GS1Q973 Mixes

Fine poudecrs arc difficult to disncrse In silicone
rubbcr; the finer they arc thc grecater the difficulty.
The difficultics in thc casc of siliconc rubber arc not
thc samec as thosc cnecountercd in ordincry rubber compound-
ing., Therc, i1f onc »rocecds slovly to add thc finc »nouder,
the only thinr that hapnnens 1is that thc batch Lccomes
very hot and very tough as nigh loadings arc rcached,
Uith silicone rubbers, the firit sign of difficulty is
notcd -'hen the batch looscwe from the rolls and falls
into thc »an, Thc lack of concsivcnass of silicone rub-
ber to itself, or adhesiveness to stecel-mill rolls makes
millemixing difficult, Fast mills, tight rolls and carc-
ful adjustuent of batchesizc to fit the mill arc cssential,
GS19¢°. 5ilica malics no ¢xception to thc rule, Our obscr-
vations arc that GS1995 is somcvhet morc difficult to
handlc than Alon or Sentoccl C on the laboratory mill,
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Production-scale batches have not becn attmpted,

It is found that standard (}4+33,000) molecular veight
rubber is far more casily compourdcd with GS199S than
tousher grades of rubber, The latter may casily rcquire
tuice as long to mix in the laboratory. :ligher nhysical
pronesrtics roesult, as showun on »ege 75 . The plastieclzing
action of louer moleccular vcight polymcr is offset, with
G31995, by the loucr propertics that result,

hen a given batch is mixed, good nractice rccomrends
aging and rcmilling aftcr o day or tuwo, Anvarently a
structurc is built uny as is the casc with Santoccl C, and
rcmilling scecms to restorc tack, pliability and nlastic
flov propcrtics, Table ZVI shous the c¢ffcet of prolonged
storase of a master batch of 25 volunes of GS199S in SR-76,

A large mastcr batch vas prepared, containing 25
volumcs of ¢81993 Silica. It was then cxposed at 1259F,
for 21 days, vith samplcs being rcmoved periodically,

The samnlcs werc remillecd to estatlisn vhcther the stock
appcarcd to bc sctting up in storapge, and then vere cured
and tcsted, I'o changc in workability on the mill could be
deteccted, The results arc shown in T-ble XZIIVI, There
appears to be no consistcent change in thc¢ nropertiecs of
this 25-volwnic stock in 21 days at 12YCF,

The samc master batch, agcd for two nonths at room
tenperature (April and May), vwas then curcd and tested

without remilling, DExcept for a slight stiffening, which

il
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could have hcen reduvced by remilling, the results werc
satisfactory,

Banbury-rixed batches of €C319¢3 in $7=76 -1crc Hrenared
by thc Grassclli Chcemicals Henartment of Dwont, Cne
such batch had cvidently hecatcd up to the doint —here it
had scorched, but anothcr uas succeasfully rixced and vas
usable,

Thrce scparate renilling tr:atacats verce glven to
15, 29, 30 and 3% volumc mizings in stendard s3-76, The
data shoum in Table 22 VII include only curcs of 24 hours
at 4O0°F, »lus 9 hrs, at 480%, amd rcvcal that a cone
siderablc innprovencat in clongation and thcrcfor: in ten-
silc ctrcagth rcesultced from the acditional ::3lling., These
arc the test 480OF, curcs that e have radc, This amcunt
of renilling migit not c practical, but thcrce secms to
bc a -ay her: to countarect the oveoreiring tendeney to

sore cstent,

Lasticlzcis of GS19935 Mixcs
ilony attemnts werc nade to nlastielze ¢S1995 connound

to aid in uvithsctanding hisgh-tenpcratwce enring., 'ithout

cxception, thcss attempts ticre failuras. The dctalls of

these tecsts may be found in Report No, 13,

Rabte of Degomposition of Banzoyl Pciroxidc and hcchanism

of Vulernization ~

In Qicport o, 10, rrcliminary data wcre given on the
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ratc of dccouposition of hciazoyl neroxidce in normal
hchptane as a solvent, This work wes folloucd up, and
Report Zlo, 13 containcd an account of the ratc of dccom=-
position of bcazoyl ncroxidc in the prcscnec of silicone
rubbcer itsclf, as :icll as somz cxpecriments on thc rate of
vulcanization of liquid siliconc, hioxamcthyldisiloxanc,
vhen rcacted with p-chlorobenzoyl pcroxide., All of this
vork is imadc the subjcet of a special scetion of this
rcport uviiich follous,

Acsl ocroxidcs dccoiwose undcer the influcncc of hcat
into Frcc radicals vhich arc able to rcact uwith suitably
activatcd conmmounds. Thus beigoyl neroxidce docomnoscs
according to thc follouing schecncs
i (C6H5000)2 -3 2 C6H5'COO'

2, CgHgC00. --3 CsHge # COp

The frcc radicals so formed may rcact vith a siliconc rubber
as follous:

s (CGH5COO)2 —— 2 CéHSCOOH A onc cross-link bctucen
siloxanc chains.
b, (CEHsCO00), ==-3 2 COof 2 CgHell,- siloxane £ 2 B
5. (CgHsCO0), === 2 CgHCO0CIiy-siloxanc 4 2 WF
Thc study of thc mcchaaism of wulcaniz . tion pcrformcd
by this laboratory is dividcd into thrcc parts,
1. ZInvestigation of Rengctions of Bongoyl Peroxide with
Siliconc Gum Dissolved in an Inert Solvent

This vork shoucd th: possibility of followviagz the
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rcaction of benzoyl pcroxidc vith a silicone »olymcr
dissolvcd in an incrt solvent, Thc most significant

rcsult obtained was that bcnzoic acid appecarcd in all cascs
as a nroduct of th: dccompositio» of benzoyl pcroxide in
thc prcscncc of hcat ¢nd silicone polymer (Rcaction 3),

in amounts approximating 20 pcrcent of thec stoichiomctric
content, Carbon dioxide and benzcnc (Rcaction 2) werc also
isolatcd, indicating a2 comwlcx modc of dccomposition of
benzoyl ocroxidc through a frec radical mcchanism involve
ing benzoatc znd nuenyl fragments, It -ras also found that
the ncutralization of thc :cnzoic acid, as formcd, in-
crcascd the cfficicney of the benzoyl peciroxide and cffce-
tively inercased thc cxtent of the wvulcanization of silicone
polymcr.

2. Mcchanism of Pcroxidc.Vulcanization of Hexamothyle-

disiloxanc

p-ciilorobcnzoyl peroxide was thc curing agent uscd
to study thc vulcanization of hcxamcthrldisiloxanc. The
chloro-substitutcd ncroxide was choscn becausc it allowed
dctcrmination of the quantitative distribution of the
various pecroxide fragments by tracing thc chlorine tagged
groups, Hexamcthyldisiloxane was choscn as thc simplest
prototype of siliconc rubber polymers ordinarily used in
industry. Frcc p-chlorobenzoic acid (Rcaction 3) amd car-
bon dioxidc (Reaction &%) were isolated dircctly from the

rcaction mixture, p-chlorobcnzoatc groups attached to the
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siloxanc chain (Rcaction 5) wecre clcaved by means of
hydrolysis with strong alkali and rccovercd as p=chloro=-
benzoic acid, p-chlorophenyl groups also attachcd to

the siloxanc chain (Recaction &) were identificd from
calculations bascd on thc anount of carbon dioxide cvolved

throuzh dccarboxylation of p-chlorobcnzoatc groups.

TABLE SQXVILL

DISTRIBUTION OF CHLGRIME IN PARTI/LLY VULCANIZED
HEXAMETHYLDJ]S LLOXA NS
Pecrcent Pcrccnt
bascd on bascd on
'eight total ini- total chlo-
in tial chlo- rinc accoun-
grams,, rinc . __. ted for ___ .

Chlorinc present in orig-
inal pPeroxXificeseeeeess..14269....100,00

Chlorinc nrcscnt in frece
1s0latcd P=ClBAse...e.es0.2796....22,03 0000000 27.9

Chlorinc found in rcac-
tion aixturc after
rcmoval of frce
P=ClBA.eesssonocnannsas 0,7620,...60,0%

Chlorinc corr.s»conding to
total CO, c¢volved in
original rcaction.. .o e.0.499,....39.3200000....59,8

Chlorinc »rcscnt in chloro-
bcnzoatc sroups hydro-
lyzcd in sccord rc- _
ACEIOMN . veoonvoosanneneeDe@liiee - 17465¢.0000.0422,3

Chlorine »rcsert in sub-
stitucnts, total........0.723.....56,97

Chlnvine nnaccountcd for,
tOta1.'O€J'...l.l...'l..o.266l*".;'20.92 i
100,00
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A samplc of the reaction mixturc after rcmoval of free
p-chlorobenzoic acid was fractionally distilled, and three
significant fractions were analyzed for chlorine content

and molecular weight,

TARBLE 25CTit
MOLICULAR WEIGHT CF PARTIALLY VULCANIZTD
HEAANTTHYLDI SILO, AN
Welght percent of polymecric product based on
reaction mixture.seuisiieeriininnronnsensesneesssalds92
Molecular vcight of Fraction I.e.veee. v v.. ev....250
Chlorinc in Fraction I, pmercentisiececeiceecens

-.-.uo.'+3
Molar ratio of chlorine to Fraction I.......000....0,036

Molecular uvcight of Fraction Il.....cvvvevveee.. 899
Chlorine in Fraction II, percent...i.iececeeeenns.. Bl47

Molar rotio of chlorine to Traction Ile.eeeerocese 1,08

Molccular vcight of Fraction IIXI.....ceeeeee....1060
Cl‘llorinh in L‘T"Ction II.L, pﬂLcent..o-ooooo--o.o-oo.7.86

liolar ratio of chlorine %to rfraction ITI............2.34

This work has shoun taat, i1 addition to "cnzoic
acid wvhich was knoun to be a préduct of the vulcanization
of siliconc rubbcr by benzoyl pcroxide, a large amount of
substitution into the siloxanc molcculc occurs, In fact,
substitution consumcs 70 to 80 percecnt of thc peroxide

accountcd for, vwith 20 to 30 ncrcent anpcering as benzoie
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acid. Some of the¢ substituted groups are

benzoate groups and thus are the source of

l carbon dioxide which escapes during thov oven

1 curing of rubbere Whon carbon dioxide escapes,
benzoate groups become phonyl groups. Substitution
and cross-linking occur simultanoously in the same
molecule and ars probably related, since more

! substitution occurrcd in the more highly cross-

1linked moloculese

3- Mechanism of Vulcnanization of Silicone RHubber

This part of the study was performed to

& meagming
.

’- investigato tho foriation of benzoic acid in

l y ! tho silicone rubber during press cure. This

: , was accomplished by compounding scveral slabs
of General pglectric SE-76 gum with Santocol C
and varying percentages of benzoyl peroxide and
giving them differoent press cures. The press-

i | curvd slabs were analyzed for benzoic acid

formed, and residual benzoyl poroxide, before

oven curing one hour at 300°r. Physical properties

of thg oven curad slebes wors determinode.
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Resul ts

Expectedly, the amount of benzolc acid
formed was proportional to the amount of
benzoyl peroxide initially present. At
initial concentrations of 6 percent or less,
only 4 to 10 percent of the bunzoyl peroxide
appeared as benzolc acide This 13 much less
than was found in experimunts involving the
reaction with silicone oils. with 8 percent
of benzoyl psroxido addod, 27 porcont of it was

transformud to b.nzocic ~cide

Percent Be. P. Percent Be Ae Percont Be Ae
Present Founds Found

2 01.26 6.3

in 22 6.05

6 .L;J.;2 7'37

8 2,168 2706

# percent based on 100 parts of rubber

i percent based on initial benzoyl opuwroxide
There was no proportiond variaticn in the amount
of benzoic acid found as time and toumpe rature were
varied from 5 minutes at 212°F. to 10 minutes at
300°F»

Peroxide docomposition was 85 percent complete at all

>oirw e — e
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curing conditions morc scvcrc than a 10-minute risc to
2500F, nlus 5 minutes at 250°F, Bxccllent curcs wcere
obtaincd, with only 44 pcreccnt dccomposition of thc per-
oxidc, with a lO-nminutc risc to 250°F., followcd by coolw=
ing to room tecmperature, BExecllent curcs were obtaincd
with a Seminute risc to 212°', plus 10 minutcs at 2120F,,
with only 41 pcrecnt dccomposition of thc pcroxide, There
scens to be oo justification for carrying out press curing
longer or at a highcr tempcraturc,

3uclling of 3iliconc Rubbcer, lolccular leight betucen Cross=-
LInks and Ehc Cohcaive Tncrgy Density

In Report Mo. 10 and Report No, ll, a vcry thorough
study of thc structurc of vuleanizcd silicone rubber,
carricd out by R. L, Hauscr of this laboratory, was rc-
ported, This work was donc by swclling samplcs of vulca-
nized siliconc rubbcr and following carcfully thc ratc and
magnitude of the swclling.. Flory has derived cquations
rclating thc molccular wecight of thc rubber with the volume
fraction of »pnolymcr in the swollcn nctwork,- Therc is
onc paramcter (/) in the cquation vhich has a diffcrent
valuc for cach rubbcr and solvcnt nair, Valucs of “¢ arc
known for most rubbcr and solvent pairs, but wcre unknown
for siliconc rubber vith thc various solvents., By making
ingenious approximations, Mr, Hauscr was able to arrive
at limiting valucs for both thc molccular wcight and the

paramctcrs themsclves. The molecular weight referred to
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above 1is that dcsignated as Mg, defined as thc mclcculer
vcight of »nolymer between cross-links, Its valuc therc-
forc gives a mcasurc of the dcgrec of cross-linking or
thc dcgrcce of vulcanization,

This scctior of this rcport is dcvotcd to o summary
of Mr, Hauscr's work on swclling. Includcd among other
rcsults is dircect nroof thot the flrst two pecrccent of
benzoyl ncroxidce is far morc cfficicent in its cross-linke-
ing action than thc ncxt six pcrecnt. Anothcr thcovctical-
ly inmportont conclusion is that thc cohcsive cncrgy density
of vuleanizcd silicone rubber is 7.50 € ,05, Mr. Hauscr
also werkcd out the tcocchnigue of carrying out swelling
ncasurcments over long neriods of time, It vas found that
the suclling is affcet-d by the simultancous cxtraction of
polymcr by the swclling liquid.

It should hc nossiblc to contlnu- this thcorctical
vork on siliconc rubbecr which is wvulcarizcd by GS1993
Silica, tn cstablish tie M, valuc, i.c.y the molecular
wcight bectucen cross-links forncd by th:o intcraction of
the G51995 pigmcnt and thc yubber,

It is knowa that most oils and fucls dctcrioratc
rubber products, siliconc rubbcr being affcectcd to such an
citent thot its residual strangth, when swollen, is
practincally zero,

The nrcscent study was carricd out with the aim of

ehcodding some light orn the mechanism of swelling and the

PLF S0 ATy e ———————————




TABLE XL
EQUILISRIUM V, VALUiS FOR SE-76 VULCANIZATE

(Vo is the volume fraction of polymer in the swollen network)
Solubility Pargmeter

Solvent (cale/cecs) Vs, A
oroicharney ) 6.5 1.0 Nog«
N-Hexane 727 «138 0323
N-octane 755 o1l «308
Methyleyoclohexane 7483 «137 *333
Cyclohexane 8+ 20 148 <400
D-Limonene 8450 «183 16
Xyloene 8482 .182 1458
Toluene 8491 o170 o390
Benzoneo 9.16 « 206 521
Methylethylketone 9¢22 . 285 «577

# Rolative values for Interaction coefficlent based
on this studye

#+ An Independent determination reported by Dre AeMe
Bueche at the Gordon Conferences, New London, NeHe
August 1953 was Oe465 for toluone. This was
determined from light scattering measurements
in tolucenoe
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controllable factors which affect the magnitude of swell

of a spocific polymethyldisiloxane elastomer. These
factors are related to t he amount of cross-links of the
vulcanizing agent used in the compound formulation and
to the temparature conditions of vuleanizatione

More specifically, tho degrev of swell is dopendent
upon the solvont and also upon the molecular nctwork of a
polymor, whose most significant factor is the molecular
welght of the chaln between cross-links, called M, It
was possible to determine Mc by using a theoretieal
oquation dorived by Fe Je Flory which relates Mc te
the d egree of swell and to a polymeresolvent intoeraction
coefficliont A4, indepourndent of Mc- A spscial apparatus
was constructed to make possible frequont and accurate
measurements of sample swells in various solventse Tho
table on the opposite page shows the oquilibrium reached
withvarious fluidse.. The cchesive enorgydensity of the
rubber 1ics close to the value of tho solubility parameter
of th: solvent or solvents crusing tho most swolling(Geo)e
A more accurate method of determining 4/ 1s possible if
more uniform molecular weicht polymer is taken initiallye

These swelling tests with various sol vents made
calculation of cohusive snorgydensity of polymsthyldisiloxane
elastomer possible. It is cqual to 7.50(0&1-/0.0.)%, which
was arrived at by the mothod of Gee and by a morc accurate

me thod proposed by Hausere Tho polymer~solvent interaction
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cocfficicnts (/”) werc shown to be in fair agrcement with
thc thcories rclating to the hcat of mixing thc liquids,

The amount of cross-linking agent uscd in the vulcan-
ization of siliconc clastomcr was fourd to vary significant-
ly but not quantitativcly thc rcsulting Mc. Varicd time
and tcmpcraturc conditions of wvulcanization also affcctcd

this factor,

IABL7 XL1L
VARIATION OF

- (™

Prcss Curc QOven Curc

% B.P, Timc,min, Tcmn,, °F, Timc, hrs, Tcupey OF. __ Mo
0.5 15 250 24 300 > 24,000
2,0 15 250 ol 300 11,000
8.0 15 250 24 300 9,000
2.0 10 250 24 300 17,000
2,0 10 230 2L 300 14,000
2,0 15 230 24 300 18,000
2,0 15 250 24 300 11,000
2,0 15 250 1 300 24,000
2.0 15 250 Y8-mr, cyclc to 430°F, 13,000

Thc valucs of M, sno: that thc first two pcrcent of
bcnzoyl ocroxidc added to a siliconc ricipc is far more
cfficicnt in 1its cross-linking action than tix ncxt six
percent,

The ratc of cxtraction of polymer was considcrcd in
conjunction with thc ratc of swclling, and thc ratc equations

wcre calculated for both processcs which sccmed to procecd

| e g oo
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B ad infinitum, Thc aim of this part of thr study was

to dctermine ratecs of cxtraction from various samplcs of

siliconc rubber and dctcrmine if cxtraction rcsults from
the prcscnec of nonvulcanizcd molcculcs or from nctwork
brcakdown during swclling. It was found that the cxtrac-

tion of siliconc polymcr whcen it is swollen by benzenc

ray bc »partly duc to solvation of nonvulcanlzcd molcculcs
[ but it is also partly duc to brcakdown of th: cross-linkcd

nctwork.,
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DISCUSSION

During the four-year period covered by the tuo con-
tracts under which this worit wvas done, silicone rubber and
its technology have come a long uay. Hot 2 little of this
progress has been aidrd by work done under these contracts.

Prior to 1950, knouledge of silicone rubber vas
rather closely guavdecd by the suppliers vho frankly
admitted that this was due to various causes, such as:

a) the polymer vas inherently a low-tensile polywmer and
the less publicity, the better; b) the competition between
suppliers made publication inadvisablej c¢) there vas a
scarcity of comnounding informnation but considerable know-
ledge of electrical properties; and d) the compounding
techniques vere so unconventional that they might retard
the nrogress of the polymer if they were publicized,
Regardless of the merits of these arguments, the faith in
this polymer of the tio contracting parties appears now

to have been justified.

Silicone rubber is now entering an accelerating
growth period in which the improved tensile strength,
abrasion resistance, tear resistance end compression set
resistance will grextly aid in spreading its use, Publi-
cation of compounding data ard recipes will bring many
more rubber compounders into the field, and progress

toward even better nproducts will be ranpid, This fact alone

o aadEREE X R - _— e - F ey
F .

o P p—— ; b atarsy
S a5 g A Rl g e



103.

would seem to Justify the expense of the work,

It is very definitely true that dimethyl silicone
rubber requires more reinforcement than other common
synthetic rubbers, The polymer chains appear to be less
interlocked mechanically or by van de Waal's forces or by
forces of crystallization than those of any other common
polymer, However, this fact and the fact that free
rotation exists down to a very low tempecrature account
for the greatly superior low-temperature properties of
the silicones., It now appears that finely divided pigments,
such as Alon and GS1953 Silica, are so well wet by the
rubber that they permit high elongations to be reached
vhen the ruvbber is vulcanized, e attractive forces
betveen these (and szveral other fillers) and the silicone
rubber are far grcater than tliose between the nolymer
chains themselves, It would seem that cven greater strengths
than those already rcached are quite logically to be
expected,

Aside from the interest which is rapidly developing
in silicone rubber on the basis of improved physical
properties, there is a definite possibility that sore
chemical modification of the fully polymerized silicone
rubber mnay yet be nossible to make derivatives uhich will
also be useful, One of these, called G-2, has been made
and used in the foctory of the contrauctor for the »Hurpose

of lubricating and bonding silicone rubber to the fibers
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of glass cloth where the composite is to be used in
diaphragms, Such dianhragms, vhich formerly failed to
pass a flexing specification calling for 100,000 flcxes,
have been neeting this specification vwithout difficulty
since the uvse of the glycerol-stabilized liquid silicone
rubber has been introduced, Time has not permitted find-
ingz an ex»hlanaticn or mechanism for the improvement, 1t
is, of course, nossible that a similar resvlt could be
achieved in some chezper way,

Resvlts being obtained under another contract (NOas
51-766-c), wiich were predicted by work done on the
chlorinntion of depolymerized silicone rubber under t his
contract, give nromise of improved fuecl-resistant silicone
rubbers wiilch retain resilience at low temperaturcs,

This goal, which 1is veing sought by all branches of the
armed services, if reached, would in itself certainly
justify the tine and effort snent on it to date.

An intangible but still vorth-vhile result of the
tuo contracts vith the O0ffice of The Quartermaster General
is the not inconsiderable anount of knowledge of the
chemical »roperties, the compounding know-how, the diffi-
culties and the advantages of silicone rubber which have
been studied and renorted in this series of fourteen
reports, Such inforuation is not avallable elsewhere,
due to the pnaucity of publication in this new field,

At least one major contribution of a theoretical
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nature has been made in the studies of the mechanism of
swelling of silicone rubber and how swelling is affected
by state of cure, An exact figure for the cohesive energy
density of silicone rubber wvas found. (This has since
been confirmed according to a private communication from
another laboratory.,) The methods and principles of swell-
ing of a vvlconized rubber such as silicone can be used

as a tool in further investigations of the mechanism of
reinforcement, It 1s to be honed that this work can be
continued at an early date, The advantages of studying
both tihe theory of reinforcement of rubbery polymers and
2lso the theory of vulcanization of rubber in a system
which 15 as simple as the dimethylsilexane rubbers are
obvious, Here, with a single vulcanizing agent, benzoyl
peroxide, and starting with a pure nolymer, souie of the
comnlicated ecffects of particle size, particle shape,

and the matuwre of the surface of the narticle can bve
studied amd the thernodynaric equations can be nvorked out
for reinforcement, It shovld also be possible to work

out more accurate e:nressions than heretofore obtained

for the stress-strain curves. It would be interesting,
too, to investigate the effect of vulcanlzing agents other
than benzoyl peroxide on the swelling characteristics

of the rubbker, The number of cross-links produced by
benzoyl nciciiide 1s less than that expectec on the basis

of Lheory, and the way 1s open for the developnent of a

s B A S S ————— ——
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more efficient vulcanizing agent,

Adequate reinforcement of silicone rubber appears to
be obtained only vhen thorough wetting of the filler by
the rubber is attained. Several ways of improving this
have been found:

1, Dispersion of filler in solutions of depolymerized

rubber

2, Prolonged milling

3¢ Uso of fillers which are casily wet by silicone

rubber, such as silica, alumina, silica aerogels
and certain diatomaceous carths

4, Use of prehicating treatments to promote contact

between filler and rubber

5. Use of aging and remilling for the same purpose

6. Application of liquid siloxanes to the surface

of porous fillers

When any of these methods results in good vetting,
arnd when tne filler is of small particle size (0,01 to
0,02 microns), maximum reinforcement results, This
usually occurs at 15 to 25 percent volume loading. The
cross section of the siloxane chains (40 £ ?) 1is still
small compared to the cross section of a 0.0l/ﬁﬁhrticle.
The latter is 2500 82, A filler particle of 0,001,/
diameter vould have a cross section of 25782 and would
be of the samc order of magnitude as the siloxane chains

themselves, If this were an casily wetted material,

-
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great improvement in reinforcement should result,

Improved tear-resistance seems to result when both
tensile strength and elongation at break are high. This
appears to occur vwhen reinforcement is not too great, so
that strain does not cause localized stresses. The resis-
tance is also improved vhen fibrous materials are introduced
to dissipate localized forces at the tcaring centers,

High eleongation occurs when pero:xide concentrations
are lowv or vhen fillers such as Alon or titanium dioxide
interfere with normal action of the benzoyl peroxide, Con-
trol of the curing ection of GS199S Silica by limiting
the time and tenmperature of curing or aging also results
in high tear-resistance., IHigh-nolecular-weight silicone
rubbers which require fewer cross-links to wvulcanize them
should have outstanding tear-resistance,

It has been observed in this work that rcduced benzoyl
peroxide generally results in some irprovement in com-
pression sct resistance, This appecars to be due to reduced
depolymerizaticn in the prescnce of less benzoic acid.

The effect is small but definite, as is the improvement
resulting from lovered@ curing te:neraturcs (press curing)
and for & similar rcason, Long oven cures are evidently
needed to shake loose and evaporate low-molecular frag-
ments which might otherwise break loose during thec com-
pression set determination, thus causing cross-1links to

f~rrm rine the test it a reavltant niel, set, It is
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assumed, here, that cross-links are formed vhen chain

ends break loose,

CH CH CH
13 283 g \
2| - S% w0 ~S5] «0 =81 = CH3 £ heat ———
' '
CH3 CH3 CH3
CH3
' volatile at 250°C,
—==— silorxane — S1 O
i

i CI
(EH3 Ch3 '{3 9“3

CH '
3/ 4 CH.-S51-0-51=0-81=0-S1=-CH
CE 3 t 1 ' 3
. 1 3 CHy CH3y CHy CHj
siloxanc Si -
1
CHy

If such reactions occur during oven cure, they would
not change grratly the value of Mc as has been fourd to
be true, but they might greatly reduce ultimate elonga-
tion, as is also truc, and they should definitely reduce
the formation of cross-links duriing compression sct deter-
minations,

Preheating, as practiced here, should rcduce compres-
sion set, as was found to be the case,

A prediction of the future of Alon and GS199S Silica
insofar as thcy are rclated to silicone rubbcr may not
be out of place, DBoth fillers face tough conpetition
because they are expectéd to cost at least a dollar per

pound in comperison with Santocel C anmd ferosil at prices
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less than a dollar per nound., This would be especially
true if silicone rubber eventually reaches a "popular
price" of a dollar per pound, For those applications
where outstanding tensile strength and elongation,
abragion- and tcar-resistance are needed, and many more
such applications will bec found in the future, GS1998
3ilica will be rcquired until improved types of this or
other fillers make it obsolete., The technical public will
not he satisficd permanently rith a rubber which is strong
only vhen reinforced utith glass fabric, There is an
excellert chiance, also, that use 111l be made of the
resinous proncrties impartecd at high curing temperatures
by GS1993, TFlexible resin coatings can be made from
silicone ruvbbcr and G51995 Silica. ''e hove, as yet,y no
knowlcd ;e of the rclative value of these versus the commer-
cially available silicone resins,

The study, herc, of thc nechanism of peroxide vulecan=-
ization is not considered as completed research. We still
do not know with sufficient accuracy the disposition of
all the weroxide, We know only that a considerable portion
of it is wested, particularly if high concentrations are
used, This subject necds further study, and better crogs-
linking agzents are nceded,

The qucstion of molccular veight shovld not be con-
sidcred onc to be answered with convenience for the

manufacturers of silicones. 'Mhile it may be truec that
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the hcterogeneous polymers of the past rcquire such strong
reinforcement that one must necessarily use a rubber con-
taining much lowcy polymer in order that it may be milled,
exsiruded and calendered, it is to bc hoped that greater
chain length may recduce the amount of rcinforecing filler
needed and thus make it possible to use a less "soupy"
polymcr, Polymer or rc¢sin at 4,00 per pourd is much too
expensive an item to evaporate in a curing oven, It has
been clcarly shoun that the highcer molecular weight
polymcr is to bLe prcferred when GS1995 Silica is the
reinforcing and cuwring agent, Becnzoyl peroxide, howcver,
tends to cover up the defccts of low-mole cular-veight
silicone rubber,

At this time, no important applicution of the rela-
tively casy depolymerization of silicone rubbzrs with
aclds or acidic substances, other than rcclaiming, is
foreseen, As a mcthod of producing a soluble siloxanec
material for further recactions, it would seem that better
reactants could bc made directly from thc monomers, As
a possible method for producing reactive surfaces against
which other materials may be bondci, it would seem that
therc arce some possibilitics, 3omc work, using such
techniques, has been carricd out under contract with the
Departmcnt of the Navy (NOas 51=766-c),

This discussion would not bec completc without sugges-

tions or rccommcndations to the Government concerning
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further researeh and development vork on the siliconcs,

(1) It is advisablc that the Office of the Quarter-
master General continue to maintain contact with an indus-
trial concern which is intercsted in making articlcs out
of siliconc rubber, so as to take advantage of thc latest
improvements in the ficld, whcther they may stem from the
work rcecorded hcre or from unsponsored dcvelopments,

Such contact docs cxist betwcaon the 0fficc of the Querter-
mastcr General and The Connceticut Hard Nubber Combany
(DA 44=109~-qm-1"46), Products on which deveclonment work
is being carried out include V-belts made from silicone
rubbcr, heat-rcsistant flue patchcs for tents, and
clectrical connectors madc from siliconc rubdber uire,
Indcpendently, the Connecticut Hard Rubber Company has
fabricatcd a retread compound using siliconc rubber rcin-
forced vith GS199S silica and has shown in road tests
that 1ts abrasion rcsistancec is of a quality corparable
to that of standard rctread matcerials,

(2) Ve rccommend that fundamcutal rcscarch he spon-
sored by the Government through one of its defense cgen-
cles to study further mcchanisms of rcinforcencnt and also
to study the mechanism of wvulcaniz~tion of silicone rubdbber,
This Company would bc interested in carrying out such
rcscarch becausc it fceels that continued fundamental
rescarch 1s c¢sscntial to provice data which later rcesult

in better raw meterials out of which imorovaed products
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are producede We submit that the history of the whole
polymer fiaeld is a demonstration of this pointe.

It is also recommended that a program in a competent
laboratory be sponsored for the purpose of fitting stress-
strain curve equations tc the stress-strain curve of the
silicone rubber. The simplicity of roecipes for vulcan-
izing and reinforcing silicone rubber and the possibility
of producing relatively uniform molecul ar weight fractions
of the rubber should give rise to very accurate data in
a problem of this kind. PFurthermore, the freedom from
harnful degradation by oxygen and the wide tempe rature
range over which t he polymer is comple tely stable would
make it possible to carry out such research over a wide
temp rature range and permit determination of the effect
of the temperature parameter. Contracts of this type have
the advantage in that thoy provide not only the fundamental
research but trained investigatorse.

(3) Stronger, more useful silicone rubber apvoars
to be possible (a) by producing higher molecular weight
rubber, and (b) by producing even finer filler mrticles
with which to reinforce ite Such systems will undoubtedly
be produced eventually. 'ijhey could be produced, at least
experimentally, more rapidly if research and development
work were sponsoréed byt he Governmente It is recommenced
that 1f funds are available, and if a satisfactory

program can be obtained from an industrial firm such a

contract should now be initiated.
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